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ABSTRACT 
A two-stroke free piston engine (FPE) for the application of a linear generator (LG) has 
been developed. It is a direct injection, spark ignition engine fuelled by hydrogen. In the 
past, the starting strategy of the FPE was based on the crank slider engine. However, the 
requirement of a different strategy is inevitable since the LG-FPE has no flywheel and 
has variable compression ratio during motoring. In addition, without a flywheel the 
engine has no energy storage to maintain its inertia in case of a misfire during starting. 
The fuelling amount, fuel injection and ignition timing during starting of LG-FPE is 
different from a conventional crank-slider engine. Starting of the former is done by 
accelerating a total moving mass of Skg alternately via electrical commutation of the 
linear motor towards both ends of the cylinders' stroke until sustainable combustions are 
achieved. The main objective of this research is to empirically investigate and determine 
the optimum injection and ignition timing during motoring with combustion when 
starting the LG FPE. Intake airflow measurements were obtained using laminar flow 
element setup. This is to determine the initial setting for hydrogen fuelling at 
stoichiometric air-fuel ratio. The investigation was carried out by varying the start of 
fuel injection (SOF) at constant start of ignition (SOl) and fuel per cycle (FPC) during 
motoring with combustion experiments of LG-FPE. Next, the SOF and FPC are kept 
constant while varying the SOL Finally, the FPC was varied at constant SOF and SOl 
values. Combustion process analyses were done by focusing on the rate of heat release, 
mass fraction burned, and ignition lag and combustion duration. From these analyses the 
optimum settings for SOF were found to be at linear position of+25.0 mm for cylinder 1 
and -25.0 mm for cylinder 2. Early SOF setting resulted in lower peak pressure and 
slower rate of heat release while the ignition lag and combustion duration is longer. 
Whereas, the optimum settings for the SOl were found to be at position +29.5 mm for 
cylinder I and -30.0 mm for cylinder 2. The SOl must be before the peak pressure of 
compression (i.e. before the piston reverses direction). The timing must provide 
sufficient time for the flame to develop so that the piston will be in opposing motion in 
time for the heat release rate and cylinder pressure to reach its maximum. By using 
hydrogen instead of CNG, the ignition lag is reduced by 66% while the combustion 
duration is 50% faster. 
VI 
ABSTRAK 
Sebuah enjin dua lejang omboh-bebas (FPE) bagi aplikasi penjana lelurus (LG) telah 
dibangunkan. Ia adalah enjin nyalaan bunga api, suntikan terus dan menggunakan bahan 
api hidrogen. Pada masa lalu, strategi untuk menghidupkan enjin ini adalah berdasarkan 
enjin engkol putar. Namun, akibat ketiadaan roda tenaga dan nisbah mampatan yang 
berubah-ubah semasa dimotorkan, maka keperluan terhadap strategi yang berbeza adalah 
perlu. Tambahan pula, dengan ketiadaan roda tenaga, enjin ini tiada simpanan tenaga 
untuk mengekalkan inersianya jika enjin tidak hidup. Keperluan bahan api, pemasaan 
suntikan dan pencucuhan semasa menghidupkan enjin LG FPE adalah berbeza 
berbanding enjin engkol putar. Semasa menghidupkan enjin LG FPE, jisim seberat 5kg 
akan dipecutkan melalui penukartertiban jejala ke arah kedua-dua akhiran lejang 
sehingga pembakaran dapat dikekalkan. Objektif utama kajian ini adalah untuk 
menyiasat dan menentukan secara empirikal pemasaan optimum bagi suntikan dan 
pencucuhan semasa pemotoran dengan pembakaran untuk menghidupkan enjin LG FPE. 
Pengukuran kadar alir udara menggunakan elemen aliran laminar (LFE) telah dilakukan 
untuk mendapatkan tetapan awal bagi keperluan bahan api pada nisbah udara-bahan api 
stoikiometrik. Penyiasatan dimulai dengan mengubah-ubah permulaan suntikan bahan 
api (SOF) pada permulaan pencucuhan (SOl) dan bahan api perkitar (FPC) yang tetap. 
SOF dan FPC kemudiannya ditetapkan sambil SOl diubah-ubah. Akhimya, FPC diubah-
ubah pada SOF dan SOl yang tetap. Analisa untuk proses pembakaran dilakukan dengan 
tumpuan terhadap kadar pelepasan haba, pecahan jisim terbakar, dan jeda pencucuhan 
dan tempoh pembakaran. Hasil analisa-analisa tersebut, tetapan optimum bagi SOF telah 
didapati pada kedudukan linear +25.0 mm untuk silinder I dan -25.0 mm untuk silinder 
2. Tetapan awal untuk SOF mengakibatkan tekanan puncak dalam silinder dan kadar 
pelepasan haba yang lebih rendah disamping jeda pencucuhan dan tempoh pembakaran 
yang lebih lama. Manakala, tetapan optimum untuk SOl diperolehi pada kedudukan 
+29.5 mm untuk silinder I dan -30.0 mm untuk silinder 2. SOl mestilah sebelum 
tekanan puncak silinder semasa mampatan (iaitu sebelum omboh bertukar arah). 
Pemasaan ini haruslah memadai untuk perkembangan nyalaan agar omboh sedang 
bergerak ke arah yang berlawanan pada masa yang sama dengan kadar pelepasan haba 
dan tekanan silinder maksimum. Penggunaan hidrogen berbanding CNG telah 
mengurangkan jeda pencucuhan sebanyak 66% manakala tempoh pembakaran adalah 
50% lebih pantas. 
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Heat was once thought as a type of fluid which was transferred from a hot body to a 
colder one when they were in contact with each other. Fortunately, scientists discovered 
that it is a form of energy. Thus inventors and engineers throughout the century have 
designed and invented several magnificent machines which enable us to harness this 
energy for useful applications. Internal combustion engine is one of the machines which 
harness the heat or thermal energy. This energy is a result of a chemical reaction known 
as combustion process inside the combustion chamber which can be converted into useful 
mechanical energy or in the form of electrical energy when coupled to electrical generator 
(Figure 1-1 ). 
Chemical energy _l 
(fuel) ---~ 
I Combustion process 
Thermal energy 




Electrical energy ------..p! 
Figure 1-1: Energy conversion flow of an internal combustion engine for power 
generation [ 1]. 
The coupling of internal combustion engine with electrical power generator is not a new 
concept. However, the introduction of free-piston electrical generator brings about an 
2 
alternative method of power generation, especially for series-hybrid electric vehicles 
application and portable power generators. 
The free-piston engine technology itself has been known for other applications such as 
hydraulic pump, gasifier and air compressor. Successful operations of these machines 
have been reported [2]. As for the linear generator free-piston engine combination, it is 
still at a relatively early development stage. 
The attractiveness of a linear generator free-piston engme lies in the promising 
advantages such as high power to weight ratio, multi-fuel capability, and low 
manufacturing cost and low maintenance due to less components plus its mechanical 
simplicity [2-6]. 
In addition, rising global oil price as shown in Figure 1-2, has put the hybrid vehicle 
technology as an attractive option to reduce the dependency on oil as the sole energy 
carrier for automotive applications. Thus, the research and development of the linear 
generator free-piston is significant. 








.. 70.00 2. - -
~ 
. 









- 1- 1- 1- - - -
r- ,.... r-
10.00 - - -~ -- --- - - - - - - -
-10.00 
1990 2000 2001 2002 2002 2003 2004 2004 2005 2005 2006 2007 2008 
Year 
Figure 1-2: Global oil price from 1990 until 2008. 
Source: NST, Friday, 6th June 2008 
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However, the challenging part of the LG FPE research lies on the starting of the engine, 
complexity of the control system for piston motion, two-stroke engine performance 
issues, fuel types and combustion mechanism (SI, CI or HCCI). Researchers around the 
world have been trying to solve these issues for many years, thus resulting in several 
running prototypes which have been reported [6-12]. 
Starting an internal combustion engme requires an optimum speed and compression 
pressure of the engine's cylinder [13]. The solution employed in conventional crank-
slider engine is by using electrical starter motor and flywheel combination [13, 14]. On 
the other hand, starting of free-piston engines were achieved by placing the piston at an 
extremity of its travel and impulsing it. However, it require the engine to be started at the 
first stroke, thus motoring the engine was concluded to be impossible [2]. 
The linear generator free-piston engine combination makes it possible for the motoring of 
the piston during starting by utilizing the air-spring characteristic of the dual-opposed 
combustion chambers of such engine during motoring through electrical current injection 
and commutation to achieve mechanical resonance via reciprocation [8]. The current 
experimental setup was equipped with a brushless, permanent-magnet linear motor in 
order to provide the force to reciprocate the piston assembly. 
However, air leaking through the piston nngs affects the cylinders' effectiveness to 
absorb and release energy during the reciprocation process. The air leakage through the 
piston ring of the LG-FPE is dependent on speed due to. The lower the starting push of 
the motoring force, the lower is the piston velocity. This will result in a less effective 
compression-expansion process as more energy is lost during the expansion stroke. Even 
at the final required starting frequency of 3 to 5 Hz (equivalent to 180 to 300 cpm), the 
piston's speed is relatively low, operating in a region in which loss in compression and 
expansion pressure is much affected by speed. Since the engine speed cannot be 
increased further due to hardware limitation, the starting of LG-FPE must be done at 
speed of 180 to 300 cpm. 
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1.2 Problem statement 
The starting of free-piston engine for the application of linear generator requires different 
strategy than other free-piston engine applications. The linear generator enables motoring 
mode which is impossible by the other applications [2]. Achieving motoring is only a 
part of the solutions towards a successful starting of the linear generator free-piston 
engine [8]. Thus, the two-stroke LG-FPE employing DISI system is tested using 
hydrogen. Even with such sophisticated system, optimum fuel injection and ignition have 
yet to be identified, due to the lack of understanding of the combustion process occurring 
in the engine. 
1.3 Objective 
The objective of this research is to determine the starting strategy for a LG-FPE. This is 
achieved by: 
1. Investigate and determine empirically the optimum equivalence ratio required for 
starting using hydrogen as a fuel. 
2. Investigate and determine empirically the optimum start of fuel injection for 
starting of linear generator free piston engine. 
3. Investigate and determine empirically the optimum start of ignition point during 
starting of linear generator free piston engine. 
1.4 Methodology 
This thesis focused on an experimental approach to investigate the starting strategy of a 
LG-FPE. The experimental setup was based on a 2-stroke engine on a test bed equipped 
with data acquisition instrumentation. In order to employ correct fuelling requirements 
for the prototype, the mass of the intake air per cycle for each cylinder was determined 
from intake air flow measurement experiments. The airflow rate of the linear generator 
free piston engine was measured by using laminar flow element setup. Preliminary 
baseline experiments were conducted to obtain cylinders' pressure and engine speed 
values during motoring using 3-battery and 5-battery configuration. Next, the injectors 
used for supplying the fuel were calibrated by using the coriolis mass flow meter before 
their respective injector gains were determined. Then, the fuelling setting was started at 
the lean value of air-fuel mixtures for preliminary experiments. The motoring with 
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combustion experiments of LG-FPE was then resumed by varymg the start of fuel 
injection (SOF) at fix start of ignition (SOl) and fuel per cycle (FPC). Next, the SOF and 
FPC were fixed while varying the SOL Then, the FPC was varied at fixed SOF and SOl 
values. The experimental data was analyzed to study the combustion process 
characteristic under each engine parameters variations. The combustion process analyses 
were focused on the rate of heat release, mass fraction burned, and ignition lag and 
combustion duration. Finally, from these analyses the optimum settings for the FPC, SOF 
and SOl for starting of LG-FPE were identified. 
1.5 Scope 
This research is dedicated to study the combustion process during starting of a two-stroke 
linear generator free-piston engine. The engine, which had been originally designed to 
operate on CNG was tested using hydrogen fuel. Hydrogen was used due to its cold start 
capability and its wide flammability range. Two-stroke cycle was selected as to provide 
power stroke on each cycle during operation. Opposed-piston configuration of the LG-
FPE enables each chamber to be operated as the bounce device for each cycle. The engine 
is an air-cooled, employing direct injection spark ignition (DlSl) system and is operated 
without throttle. Direct injection system was used as to provide better control on the 
fuelling while improving the engine's volumetric efficiency. The research is conducted 
on purely experimental basis. The verification of the experimental result is based on the 
theoretical background obtained from literature of SI gasoline, CNG and hydrogen of 
conventional crank-slider engine. In addition, the repeatability of the experimental result 
is also used as the verification method. Finally, the research focused only on the 
combustion process during starting by motoring with combustion. The research focused 
only on starting operation as this operation mode is critical to sustainable operation of the 
engine and this strategy were used regularly during engine operation in case of misfire. 
1.6 Thesis organization 
This thesis comprises of six chapters, namely, introduction, literature review, theoretical 
background, prototype and experimental works, result and discussions and finally 
conclusion and future works. 
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Chapter I is dedicated to present retrospective issues related to the energy crisis and the 
driving motivations for linear generator free-piston engine development. The starting 
issues of such engine are also presented. Finally, research objectives, methodology, 
scope and problem statement is outlined. 
In chapter 2, the literature review on history and development of internal combustion 
engine is presented. In addition, the spark ignition combustion process is explained. Two 
gaseous fuels, namely CNG and hydrogen are compared. Then, two-stroke cycle and 
free-piston engine are reviewed. Finally, the reported works on free-piston linear 
generator engine around the world are presented. 
Chapter 3 presents the theoretical background on two-stroke engine operating parameters. 
Then, the free-piston engine operating parameters are explained. Finally, elaboration on 
the combustion process analysis and theoretical equations are introduced to be used in the 
experimental result analyses later on. 
Chapter 4 is dedicated to introduce the running prototype of free-piston linear generator 
engine. Further, the details of the experimental set-up for this research are presented. 
The methodology of this experimental study is outlined. Finally the fundamental 
equations for analyzing the experimental data are included and explained in details. 
Chapter 5 presents the experimental data result and discussions. The post-processed 
experimental data which provides the insight into the combustion process of the linear 
generator free-piston engine during starting are discussed. The combustion process 
analyses are presented by plotting the rate of heat release, mass fraction burned, the 
ignition lag and combustion duration. 
In chapter 6, all these findings will be concluded and several recommendations for future 




2.1 Internal combustion engine history and development 
Internal combustion engine is a heat engine that converts chemical energy in fuel into 
mechanical energy, usually made available on a rotating output shaft. The development 
of internal combustion engine can be traced back from 1860 with the invention of the first 
practical internal combustion engine by J .J .E. Lenoir [ 15-17]. It was a two-stroke cycle 
engine operating at atmospheric pressure, fueled by a mixture of hydrogen and carbon 
monoxide gases [18]. Then, Nicolaus A. Otto and Eugen Langen produced atmospheric 
free-piston engine in 1867 [15, 17]. This engine comprised of a long vertical cylinder, a 
heavy piston and a racked piston rod. A ratchet was used for engaging the racked piston 
rod to the pinion during downward stroke but disengaged during upward stroke. The 
engine working process began with the combustion of fuel-air charge during upward 
stroke of the free-wheeled piston rod. The pressure due to combustion accelerated the 
piston assembly upward thus created a partial vacuum as the cylinder content cooled 
down. The piston assembly then moved downward and engaged with the pinion. The 
heavy piston transmitted the output work to the output shaft. In these early engines, the 
fuel-air charge was ignited at atmospheric pressure. Thus, their efficiency was only 5% 
for Lenoir engine and II% for Otto-Langen engine [ 15, 16]. In 1876, Otto then produced 
the first four-stroke cycle crank-slider engine which is very much less noisy than the free-
piston engine 1 and three times more efficient [16]. The theory and concept used in this 
engine can be attributed to the unpublished French patent issued in 1862 to Alphonse 
Beau de Rochas which described the principles of the four-stroke cycle2 [ 15, 16]. This 
1 The noise can be attributed to the rack and pinion mechanism. 
2 Although this patent was issued earlier, Nicolaus A. Otto deserves to be entitled as the inventor of the 
modem internal combustion engine since he put the theory into reality by producing the fully operated 
engine. 
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patent provided conditions for achieving maximum engme efficiency which are as 
follows [15]: 
I. Volume-to-surface ratio must be increased. 
2. Operating speed must be increased. 
3. Maximize the gas expansion over compression. 
4. Maximum pressure of cylinder charge before ignition. 
Condition one and two can be easily understood since higher volume-to-surface ratio will 
minimize heat loss to the wall; therefore maximizing the internal energy of the expanding 
gas resulting in higher pressure to do work on the piston. Higher operating speed means 
less time for the thermal energy of the combustion gases to be transferred to the wall. 
Although all internal combustion engines before the invention of four-stroke in 1876 were 
operated on two-stroke cycle [ 18], further development of two-stroke engines took place 
following the patents by Robson in 1877 and 1879 and by Clerk in 1878 and 1881 [ 15, 
17]. The simplified version of two-stroke engine was produced by Joseph Day in 1891 
with the crankcase-scavenged two-stroke engine [ 18]. 
The search for efficient internal combustion engine led to the perfection of compression 
ignition engine by Rudolf Diesel in 1892 [ 15-17]. The efficiency of this engine was 26% 
[ 17]. 
After years of research and development, the rotary engine known as the Wankel engine, 
was designed by Felix Wankel had been successfully tested in 1957 [15]. The advantages 
of this engine include compactness, simple, easy to balance and potentially high output at 
high speed. However, due to high emissions and poor fuel economy, Wankel engine was 
abandoned in mid 1970s [17]. 
While the development of crank-slider internal combustion engme took place 
aggressively, in 1925, Pescara produced free-piston air compressor operating on spark 
ignition followed by compression-ignition version in 1928. The drives behind early 
development of free-piston air compressor were due to its lower cost than the crank-slider 
counterpart [2]. In addition, it was low weight, and had high thermal efficiency with 
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multi-fuel capabilities [ 19]. In the following years, further application of the free-piston 
engine was developed such as free-piston gasifier. With the advancing technologies of 
conventional engine and gas turbine, the free-piston engine concept was abandoned in 
early 1960s [2]. Furthermore, the problem with mechanical construction and control 
mechanisms which resulted in low reliability, poor flexibility and poor part-load 
operation also contributed to the failure of early generation free-piston engine [19]. In 
the recent years, the free-piston engine has been the center of interest for researchers. Its 
comeback can be attributed to its attractive features which were responsible for its 
popularity i.e. low cost (due to fewer components), multi-fuel capabilities (due to variable 
stroke) and reduced frictional loss (in absence of crank-slider mechanism). In addition, 
since new applications of this engine were found i.e. as hydraulic compressor and 
electrical generator prime mover, therefore the free-piston engine comeback is 
momentous. 
Free-piston engine is a variant of internal combustion engine with only single moving 
part which is coupled dynamically to an energy storing or absorbing device to convert 
thermal energy into a useful form [2]. The energy conversion of a free-piston engine 
starts from the chemical energy of fuel which is com busted in the combustion chamber 
producing thermal energy of the burning gases into kinetic energy of the moving part 
which is then converted into practical energy such as fluid and electrical through the 
energy storing or absorbing device. The difference between free-piston engine and 
conventional crank-slider engine is the absence of the crank-slider mechanism. As a 
result, free-piston engine is only governed by dynamics of the forces acting on the pistons 
whereas a crank-slider engine is kinematically and dynamically constrained. For crank-
slider engine, the combustion forces result in rotary motion of the crankshaft, while 
combustion in free-piston engine results in linear motion of the pistons. Therefore, free-
piston engine cannot produce any useful torque that can be utilized. However, the 
absence of the rotary mechanism allow free-piston engine to maximize the exploitation of 
the combustion energy. The chemical energy from the fuel is converted into heat energy 
of the in-cylinder gases which is transformed into kinetic energy the piston assembly 
moving linearly, finally converted into electrical energy by the linear generator. As 
opposed to conventional rotary generator, the linear motion resulted in reduced frictional 
force and unconstraint motion of the moving part. 
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2.2 Spark ignition, compression ignition and HCCI 
In general, there are three combustion mechanisms of internal combustion (IC) engine, 
namely, spark ignition (SI), compression ignition (CI) and homogenous charge 
compression ignition (HCCI). 
SI and CI engines also known as Otto or gasoline or petrol engine and diesel engme 
respectively [ 15], synonym with the fuels used in those engines. On the other hand, 
HCCI is the latest combustion mechanism which improves the efficiency of IC engine by 
the combination of advantages in SI and CI engines. 
In a SI engine, at the end of compression stroke, the air-fuel mixture is ignited by a spark 
plug to produce combustion. Ignition is a time-dependent process which is initialized by 
reactants and evolves towards a steadily burning flame [20]. While in a CI engine, the 
temperature of the compressed air in the combustion chamber is high enough to cause an 
auto-ignition of the diesel fuel when the fuel is injected. The temperature above which 
this occurs is called the self-ignition temperature (SIT). Auto-ignition is undesirable in a 
SI engine. A spark plug is used to ignite the air-fuel at the proper time in the cycle [16]. 
The important difference between SI and CI engines is that, SI engines have premixed 
flames while CI engines have diffusion or non-premixed flames [17]. Premixed flames 
are produced when the fuel and oxidizer is mixed first and burned later, while the 
combustion and mixing occur simultaneously in non-premixed flames [20]. The air-fuel 
mixture must always be close to stoichiometric for pre-mixed combustion to occur, 
whereas in CI engines the stoichiometric condition is only met at the flame front [ 17]. 
In SI gasoline engine, the efficiency and power are limited by knocking, while CI diesel 
engine poor emissions are due to the formations of soot and NOx as a result of the 
existence of fuel rich and lean zones. 
HCCI combustion initiated by auto-ignition of overall lean and homogenous fuel-air 
mixture results in low emissions and better fuel economy. HCCI has an indicated 
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efficiency around 50%, low fuel consumption and low emissions especially of NOx and 
particulate [2, 17, 21-25]. HCCI engines require neither spark plugs nor injectors. Since 
the combustion is not initiated by spark plug, extremely lean mixtures can be burnt, thus a 
very fast heat release is obtained. 
The compression ratio in HCCI is increased and the load is controlled by the fuel-air ratio 
quality. Any fuels can be used in HCCT combustion besides diesel and gasoline such as 
natural gas, methanol and hydrogen. However there are three main challenges that must 
be overcome for the successful HCCI combustion: 
1. The homogenization of fuel, air, and recycled burnt gases prior to ignition 
2. The control of ignition and combustion timing 
3. The control of heat release rates. 
These challenges are currently being solved by researchers around the world. 
2.2.1 SI engine combustion process 
Combustion process can be defined as a series of chemical reactions inside a combustion 
chamber involving oxidization of fuels which releases thermal energy. It occurs at 
neither constant volume (Otto cycle) nor constant pressure (Diesel cycle) [17]. The study 
of combustion process is essential since 90% of worldwide energy support is provided by 
combustion [20]. 
Spark ignition process can be divided into three phases: breakdown, arc, and glow 
discharge [20]. In a SI engine, the air-fuel mixtures do not auto ignite due to 
compression, instead, the combustion is initiated by the energy of an electrical spark. The 
spark forms a high-temperature zone between the two electrodes of the spark plug, in 
which radicals are produced and combustion begins [26]. However, the correct mass 
proportions of air-fuel mixture within this spark gap is essential to produce burning flame 
front propagating through the mixtures [27]. In addition, enough heat must be released in 
order to heat up the neighboring mixture and to initiate a flame front that can propagate 
into the combustion chamber without any further energy input. During the time the 
electrical spark exists, highly ionized plasma with temperatures of about 60,000 K forms 
a channel between the electrodes and then expands to become a spherical ignition kernel, 
while the temperature decreases to approximately 4000 K [26]. The fuel is then raised 
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above its auto-ignition temperature, i.e. the temperature where the fuel has sufficient 
internal energy to break its molecules bond structure and oxidize (27]. The flame front 
starts from this ignition kernel and propagates into the combustion chamber. At first, it 
propagates with laminar flame speed, and as the flame surface increases, turbulence 
increases the flame speed [26]. The flame propagation induces further layers of mixture 
to reach auto-ignition temperature, therefore the flame front moves through the 
combustion chamber until it arrives at the physical extremities of the chamber [27], thus 
completing the combustion process of the particular cycle. Clearly, flame speed will 
affect the combustion duration, which will then ensure the combustion process of any 
cycle at certain rpm of crank-slider engine is completed just after TDC. This is to ensure 
the optimum torque is obtained and most importantly the engine doesn't run backwards. 
Practically, the maximum cylinder pressure should occur 5-20° after TDC (17]. 
Air-fuel mixtures are ignited before TDC at the end of a compressiOn stroke smce 
combustion takes finite time. There will be a pressure rise before the end of the 
compression stroke resulting in negative work. Advancing the ignition timing will 
increase the compression work. However, the higher pressure at TDC leads to higher 
pressure during expansion, increasing the expansion work [17]. Thus, when the ignition 
timing is adjusted, it starts from the earliest point before TDC, and this of course will 
result in high negative work and knocking will likely occur. As the timing is retarded, 
there will be a point of optimum ignition timing where the negative work is the minimum. 
Beyond this point, the peak pressure will drop significantly which result in reduced 
positive work and power. The optimum ignition timing is known as minimum (ignition) 
advance for best torque (MBT) ( 17]. 
There are three problems which are critical to spark ignition combustion process namely 
(20]: 
1. Ignition limits 




While the auto-ignition is the mechanism for combustion process in CI and HCCI, 
it is undesirable in SI engine since the combustion process is controlled by the 
spark timing. It is also known as self-ignition or pre-ignition [ 16). 
3. Minimum ignition energy 
It is defined as the minimum energy which must be released by the spark plug to 
start the combustion. 
Another factor which affects the SI engine performance is the air-fuel ratio. For engines 
employing fuel injection systems, the control are done using the injection duration, longer 
injection duration will result in higher fuel quantity injected. In addition, the injection 
timing or start of fuel will be varied accordingly to obtain optimum engine performance. 
2.2.2 Homogeneous and stratified combustion 
Homogeneous combustion is the combustion of the evenly distributed cylinder's charge 
throughout the combustion chamber which consists of fuel vapors, air and exhaust gas 
residuals. The conventional spark-ignition engine bums a homogeneous charge [27). 
Homogeneous combustion occurs in carbureted and port-fuel injected engme smce 
induction process in both engines can produce homogeneous mixtures. 
While in direct injection engine, the combustion chamber will consists of various zones of 
differing air-fuel ratio at ignition point. Thus it is known as stratified combustion process 
[27]. The homogenous and stratified charge condition is shown in Figure 2-1. 




homogeneous charge stratified charge 
Figure 2-1: The different injection modes which characterize the Homogeneous (early 
injection) and stratified (late injection) conditions [27]. 
2.2.3 Direct Injection (DI) 
Fuel injection system for spark ignited engine has evolved from throttle body injection 
(TBI) to port fuel injection (PFI) to direct injection (DI). DI system was originally 
adopted from diesel engine technology due to its advantages such as improved fuel 
consumption and reduced C02 emissions [26]. However, PFI is still used on most SI 
engines. Gasoline DI was first introduced for mass production by Mitsubishi in 1995 
[26]. Since then, the DI technology advances. Direct injection system employed in two-
stroke engine can solve the short circuiting problem [ 17, 18, 28]. Direct injection system 
will allow the fuel to be injected after the exhaust port is fully closed, and the fact that 
only air is scavenged and induced into the combustion chamber eliminates the possibility 
of short-circuiting fuel through the exhaust port. However, this gives a very short time 
for fuel injection into the cylinder until the start of ignition. It poses challenge in crank-
slider two-stroke engine which is resolved by using sensors, advance high-speed 
electronic control module and refined control algorithms. 
As opposed to PFI, it was reported that the fuel consumption for GDI at part load is 
reduced by 15-25%, volumetric efficiency is increased by I 0%, reduces knock and 
allowing an increase in compression ratio by 1 to 1.5 units [26]. 
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Volumetric efficiency of a compressed natural gas (CNG) DI is also reported to increase 
thus approaching the combustion performance of gasoline fuelled engines while offering 
potential for reduced NO, emissions as a results of extending the engine's lean operation 
limits [29]. 
The DI system has the following advantages [26]: 
1. Better fuel economy at part load compared to PFI, since the part load throttling 
can be eliminated as the load is reduced by reducing the fuel quantity-while at full 
load there is only a small reduction of fuel consumption as compared to PFI. 
2. Pumping lost is minimized and a stratified charge can be obtained by late 
injection. 
3. The heat loss to the walls is reduced since reactive zone is separated by the non-
reacting zone through the stratification. 
2.2.4 Gaseous fuels 
Generally, internal combustion engine operated on fuels can be divided into liquid such as 
diesel and gasoline, and gaseous type such as CNG and hydrogen. Liquid fuels have the 
advantage of having higher density than of gaseous fuels. Therefore it has more energy 
per unit volume. Gaseous fuels on the other hand, have the ability to create quality 
mixture both outside and inside of the cylinder, have wide flammability, high calorific 
value and high anti-knock properties resulting in high compression ratio engine and thus 
higher thermal efficiency [30]. 
In this section, the methane and hydrogen fuels will be compared. The summary of each 
fuel key properties is shown in Table 2-1. 
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Table 2-1: Summary of General Properties of methane ad hydrogen [ 16, 31] 
Fuel Methane Hydrogen 
Molecular weight 16 2 
Heating Value (LHV) MJ/kg 50 120 
Stoichiometric air-fuel ratio (AFR)stoich 17.2 34.3 
Autoignition temperature °C 540 580 
Ignition energy in air for a stoichiometric mixture 0.29 0.02 
Laminar burning velocity in air (at stoichiometric, cm/s) 40 275 




Methane has high Hydrogen to Carbon ratio and is an attractive alternative fuel towards 
greener fuel. However, as observed from Table 2-1, it has low burning speed, further 
reduced by lean operation, thus resulting in lower engine efficiency if operated at lean. 
Some experimental works have found that NO, emission of CNG engine was higher than 
conventional SI engine [32-34]. In addition, methane has a greenhouse effect 10 times 
that of C02 [35]. 
Hydrogen make excellent fuel since it has a high burning speed and low ignition energy 
[31]. However, the cheaper method to produce hydrogen is from methane which releases 
C02 to the atmosphere. Several production methods of producing hydrogen from 
methane without releasing C02 to the atmosphere have been identified [36]. Hydrogen 
blending with CNG at proportion of 30% to 70%, also showed an interesting potential 
while maintaining zero emission vehicle standards, it results in higher engine output and 
storage density advantage [37]. In addition, hydrogen has wide flammability limit and 
high flame propagation, thus, lean operation is possible [38]. 
However, there are several primary limiting problems relating to hydrogen which are far 
more serious than those facing the current and future applications of other fuels including 
natural gas, namely [39]: 
I. Production-Hydrogen does not occur naturally, it has to be produced which 
require much energy and resources. The cost of hydrogen production is typically 
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two to ten times higher than the cost of production of pipeline natural gas on 
energy basis. 
2. Storage, portability and transport-Hydrogen need to be stored in extremely high 
pressure cylinder due to its very low density than other gaseous fuels. The high 
pressure tanks pose weight, cost, bulkiness and safety issues. 
In conclusion, hydrogen fuel is regarded as the future fuel since it is the final transition 
from hydrocarbon fuels to carbon less fuels and it is a renewable energy carrier [ 40] and 
can provide long term solutions for increasing liquid fuel prices and global warming 
problems. 
2.3 The two-stroke cycle 
In a conventional two-stroke engme, combustion occurs in every revolution of the 
crankshaft. Two-stroke engine eliminates the intake and exhaust strokes, leaving only 
compressiOn and power strokes allowing more power per cycle than its four-stroke 
counterpart. In addition, two-stroke cycle engine is practical and attractive since it is 
compact and simple, [16, 18] resulting in light construction and cheap in terms of price 
and maintenance. The engine also is more robust making its application suitable ranging 
from small model to large ship[ 16, 18, 27]. However, there are several issues which have 
plagued the two-stroke engine such as poor scavenging performance, short-circuiting [15, 
16, 18, 27], and high thermal stress [18]. Despite these issues, two-stroke engine remains 
the ultimate choice due to its simplicity and high power to weight ratio. 
Two-stroke engines do not use intake and exhaust valves. Instead, they have openings, 
referred to as "ports," in the sides of the cylinder walls. There are 2 types of ports in the 
cylinder; intake ports that bring the air into the combustion chamber and an exhaust port 
that allows burned gases to leave the cylinder and flow into the exhaust pipe. These ports 
opening and closing are controlled by piston's skirt. Thus, its timing depends on engine 
speed. Typical two-stroke engine use reed valve to control the intake air flow into the 
scavenging chamber. Reed valve is a one-way valve. The opening and closing of this 
valve is controlled by an engine's actual airflow demand [27]. 
The following terms [ 18] will be used for explaining the two-stroke engine cycle: 
18 
I. Gas exchange period: period during which the products of combustion are 
exhausted from the cylinder and the fresh charge enters- Beginning from 
the opening of the exhaust port, completed when both ports (exhaust and 
scavenging) closes. 
2. Exhaust blow-down period: the period from when the exhaust port opens 
until when the scavenging port opens. 
3. Scavenging period: period during which scavenging port starts to open 
until exhaust port closes. 
2.3.1 Gas exchange period 
When piston moves towards BDC during power stroke, the piston starts to uncover the 
exhaust port, this is the start of the gas exchange period and the commencing of the 
exhaust blow-down period. The exhaust gases then rush out through this port reducing 
the pressure inside the combustion chamber. The piston then uncovers the intake ports, 
allowing the fresh air (or air-fuel mixtures) to enter the combustion chamber displacing 
the exhaust gases; this is the start of the scavenging period. The piston will reverse after 
it reaches BDC, marking the end of exhaust blow-down period and starts to close the 
intake and exhaust ports in turns. When the exhaust port is fully closed, the scavenging 
period is completed and this gas exchange period is completed. 
2.3.2 Scavenging process 
In two-stroke engine, the process when air under pressure enters the cylinder and pushes 
most of the remaining exhausts residual out of the exhaust port is called scavenging. Air 
intake is pressurized by supercharger, turbocharger or crankcase compression and then 
supplied into the cylinders through intake valves or slots in the cylinder walls. The 
induction pressure of the air (or air/fuel) is around 1.2 to 1.8atm [16]. 
Scavenging of fresh charge into the combustion chamber is the most critical process for 
combustion of a two-stroke engine. Good performance and emission of the two-stroke 
engine is significantly affected by the scavenging process. There are two primary 
problems associated with two-stroke cycle which is related to the scavenging process, 
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namely insufficient charging and high short-circuiting of cylinder's charge [17, 18, 27, 
41, 42]. Goldsborough [42] had summarized several attempts to address these issues such 
as variable port/valve timing, exhaust manifold throttling, stratified scavenging, direct 
injection after port/valve closure and HCCI combustion at light load. 
There are several types of Scavenging design [17, 18, 27, 41-43]: 
• Cross Scavenged (Figure 2-2a) 
• Loop Scavenged (Figure 2-2b) 
• Uniflow Scavenged (Figure 2-2c) 

















Several scavenging parameters which are critical to the performance of any scavenging 
design have been identified by researchers. The details and definition of the scavenging 
parameters will be introduced in Chapter 3. 
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During scavenging, the pressure of supplied charge into the cylinder must be high enough 
to displace the combustion gases. Thus, several designs for charging the cylinder have 
been developed namely [ 18): 
I. Crankcase-compression-The fresh charge is compressed in the crankcase by the 
underside of the piston. The advantage of the design is its simplicity. Its 
disadvantages are the crankcase pressure is affected by throttle position at high 
engine speed, decrease of power at high altitude 
2. Stepped-piston-It is developed to solve problems m crankcase-compression 
design. Its advantages include; increasing delivery ratio, isolation of fresh charge 
from the crankcase, and improved engine performance at high altitude. However 
the pumping work of this design is higher which is undesirable, further the volume 
and mass of the engine is increased due to the integrated stepped-piston design. 
3. Double-piston-This arrangement allows, one piston to control exhaust port and 
another to control intake port resulting in uniflow scavenging system. 
4. U-cylinder uniflow-scavenging-popular in racing engine but disappear from 
production mainly because of its mechanical complexity and difficulty of cooling 
in between the cylinders. 
5. Scavenging pump-several pump arrangement can be used namely, centrifugal 
blowers, roots compressors and piston pumps. The roots compressor and piston 
pump are displacement pumps which are complex but have important advantages 
since the amount of air delivered is almost independent of exhaust pressure. 
6. Charge stratification-Stratification of the charge is essential especially for 
carbureted and port-fuel-injected engine in order to minimize short-circuiting and 
for lean operation. Historically, it was found that the stratified scavenging aim 
was to prevent the combustion of fresh charge in the crankcase during scavenging 
process [28). 
As a conclusion, the two-stroke cycle is still a popular option for developing simple, 
compact, robust and low cost either for stationary or portable power plant. The 
scavenging process optimization is the key to a reliable operation, high performance and 
low emission two-stroke cycle power plant. 
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2.4 Free-piston engine technology 
Practically, for mechanical and manufacturing reasons, the most satisfactory form of a 
working chamber of the internal combustion engine is in the form of a straight cylinder 
closed at one end plus having a closely fitting movable plug or 'piston' inside, onto which 
work is done by the pressure of gases [44]. 
In a conventional engine (referred to as crank slider engine), the engine transforms the 
linearly oscillating movement of the piston into the rotating movement of the crankshaft. 
In a single cylinder crank-slider engine, there are about 50 components, of which 28 
undergo linear motion and 22 undergo rotating motion [45]. 
The motion of the piston in a crank-slider engine is restricted by kinematics of the crank-
slider mechanism and dynamics of the combustion gases in the combustion chamber. A 
flywheel mechanism is usually employed to regulate the kinetic energy obtained from the 
engine based on the load and operating conditions. The engine is driven by the gas 
pressure due to combustion in the combustion chamber. This pressure, which acts on the 
piston surface, then produces the gas force to move the piston downwards thus rotating 
the crankshaft at the end of the connecting rod. 
The single component of the engine to perform rotating motion is the crank pin, while the 
piston performs oscillating motion and the connecting rod performs both rotating and 
oscillating motion. The masses of these components produce rotating and oscillating 
imbalance which must be counterbalanced, at least partially, to ensure the smooth 
operation of the engine [I]. 
Due to the kinematics constraint on the piston, there are two positions where the piston 
momentarily stops to reverse its direction, known as Top-Dead-Center (TDC) and 
Bottom-Dead-Center (BDC). These are the positions during which the piston's velocity 
is zero and its acceleration is at maximum. 
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Free-piston engine on the other hand, is an engine where its piston moves freely without 
any constrain of a rotating crankshaft as in conventional engine. The motion of the piston 
is determined by the dynamic balance of forces acting on it. The free-piston engine is 
restricted to the two-stroke operating principle, as a power stroke is required on every 
cycle. Although a four-stroke version is conceptually possible, it requires additional 
components and cumbersome design [46]. 
Generally, free-piston engine posses the following features: 
1. A combustion chamber. 
2. A rebound or energy storage device. 
3. A load or energy absorbing device. 
There are several configurations of a free-piston engine all of which will have the typical 







I CombustiOn Chamber 
Figure 2-3: Typical features of a free-piston engine [2]. 
The elimination of the rotating crankshaft mechanism in a free-piston engine implies a 
series of advantages over the conventional engine [2, 4, 7, 19, 45-50]: 
1. Reduce friction losses that lead to a better overall engine thermal efficiency. 
2. Compact construction offers high power density. 
3. Variable compression ratio operation, higher thermal efficiency can be achieved 
and offer multi-fuel operation capability. 
These advantages characterize free-piston engine unique features which also represent 




A number of different designs utilizing the free-piston engme concept have been 
proposed. Although there are vast patented designs available, the reported working 
prototypes are scarce. In general, there are four types of free-piston engine applications 
as reported by Aichlmayr [2] to be introduced in this section. 
i. Free-piston air compressor 
The free-piston air compressor was the original configuration of free-piston engine as 
introduced by Pescara in 1920s [51]. The engine's configuration was of the opposed 
piston type which is vibration-free but require piston synchronizing mechanism [2, 24, 
25]. This configuration is considered as the only successful free-piston engine concept 
[4] which leads to the free-piston gas generator research and development. However, the 
free-piston air compressor was not commercially successful. 
ii. Free-piston gas generators 
The engines' configuration was similar to free-piston a1r compressor but typically 
employs compression ignition. Basically, the application was to deliver high-pressure 
exhaust gas to drive a turbine for shaft work output. An air compressor was used to 
supercharge intake air for the combustion chamber. Among the reported advantages of 
free-piston gas generator or gasifier are [4]: low fuel quality requirement, vibration-free 
design, good dynamic response and low turbine material required due to lower inlet 
temperatures. With the maturing of conventional gas turbine technology, development of 
the free-piston gas generator was largely abandoned in the early 1960s [2, 4, 24, 25]. 
iii. Free-piston hydraulic pump 
In this application, the combustion piston 1s directly coupled to a hydraulic pump 
cylinder. Most reported free-piston hydraulic pumps were aimed at off-highway vehicles 
such as forklift trucks and earth-moving machinery and show generally good fuel 
economy and very good performance at part load. 
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IV. Free-piston electrical generator 
The free-piston engme generator consists of a free-piston engme coupled to a linear 
electric machine. The advantages of the integrated linear electrical machine are: 
I. Enable the piston motion control by operating the linear generator as a linear 
motor during starting. 
2. Load control during the power generation mode, to prevent the disruption of 
free-piston operation due to increasing electrical braking force. 
3. Misfire control by energizing the motoring mode operation when misfire IS 
detected. 
The driving force behind the development of this configuration is due to the increasing 
interest in the hybrid electric vehicle application. 
2.4.2 Configurations 
The development of free-piston engine technology has resulted in various design and 
configuration around the world. Generally, there are 3 types of free-piston engine 
configurations [2]: 
I. Opposed pistons, single combustion chamber. 
2. Single piston, dual combustion chambers. 
3. Single piston, single combustion chamber. 
Each configuration can be found in different applications. For example, type I 
configuration can be found for air compressor application. Type 2 and 3 can be found in 
hydraulic application [51]. For linear generator application, type 2 is commonly used [2, 
7]. However, Achten [52] define the second configuration as dual piston type. Both 
definitions can be used as both designs exist. In this thesis, the configurations will be 
defined according to the prototypes in discussion. 
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2.4.3 Starting 
In a conventional crank-slider engine, the starting or cranking of an engine is achieved 
through the combination of two main components: starter motor and flywheel connected 
to the crankshaft of the engine. The starter motor provides minimum starting speed 
required for the engine to start and continue running. The typical minimum starting speed 
for SI ranges from 60 to 90rpm which require cranking torque of 12.5Nm per liter for 
two-cylinder engine [13]. 
During starting, the rotational speed of the crankshaft increases. The cyclic variation in 
torque due to the compression strokes will then be absorbed increasingly by the inertia of 
the flywheel and the attached rotating and reciprocating masses of the engine. The surplus 
torque provided by the starting gear will then be dissipated by accelerating the crankshaft 
towards the equilibrium cranking speed. 
In a single-cylinder engine the same principles apply. The work provided by the starting 
gear for the initial compression will be returned to the crankshaft during the ensuing 
expansion stroke. It will temporarily increase the kinetic energy in the shaft system and it 
will be available to provide the work required for the next compression stroke. The inertia 
of the rotating and reciprocating system, of which the flywheel is a significant part, is 
therefore of major importance because it affects the cyclic speed variation of the system 
during the compression stroke [14]. 
Free-piston engine cannot be cranked over several revolution during starting due to the 
absence of the crank-slider mechanism and flywheel. Thus, other methods for starting 
must be implemented. Starting can be achieved by impulsing the piston to give it 
sufficient energy to reach top dead centre, or by driving the piston back and forth until it 
reaches sufficient compression [4]. 
A few methods have been devised for free-piston engine starting such as [2]: 
I. Ignition of air-fuel mixtures in the combustion chamber. 
2. Releasing a wound spring. 
3. Pre-charging the rebound device. 
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2.4.4 Control strategy 
The control strategy of free-piston engine is very essential for a reliable operation and 
performance of the engine. In the absence of crank mechanism, the piston motion must 
be controlled to obtain correct compression ratio during starting, idling and power 
generating operation. Further, during the power generation mode, the electrical braking 
force acting on the translator will be increased, resulting in adjustment in fuel injection 
timing and ignition timing for sustainable operation of the engine. Moreover, due to the 
reciprocating motion of the piston, the delivered power pulsates. These pulsations must be 
handled somewhere in the electrical system. One way to reduce them may be by suitable 
force control [6, II, 12]. 
2.5 Free-piston linear generator 
The most recent development on free-piston engine involves free-piston linear generator 
configurations. The configuration has several advantages compared to conventional 
generator engine such as reduced size, weight and moving parts. The transient response 
is good with the absence of crankshaft and flywheel, resulting in fast power delivery. In 
addition, low mechanical losses and high efficiency are expected. The free-piston linear 
generator applications will be in the portable electrical generator and hybrid-electric 
vehicles. Most researchers focus on employing the free-piston generator concept for the 
series hybrid electric vehicles application [6, 8, 21, 45, 53, 54]. 
2.5.1 Reported works on free-piston linear generator 
A number of papers exammmg free-piston linear generator combination have been 
published. These works, some involve modeling and simulations and some included 
experimental results of running prototypes. In this section, the previous and present works 
on the free-piston linear generator combination will be examined to provide insight into 
the past, present and future of the LG-FPE. 
The focuses of this literature review are: 
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I. Configurations-Looking into the free-piston arrangement and generator 
integrations. The classification will be based on definition from the work by 
Aichlmayr (2]. 
2. Fuel system and fuel types. 
3. Engine displacement and dimensions. 
4. Control system-To investigate the control of fuel, ignition, piston motion and 
electrical generation for various prototypes. 
i. West Virginia 
The published works from West Virginia University on free-piston generator begins with 
Nandkumar [7] with the experimental work and idealized model analysis of the prototype. 
The prototype is a two-stroke, port injection, gasoline fueled-spark ignition, single piston 
with dual combustion chambers configuration, having a bore of 36.5mm for each cylinder 
and 50mm stroke length. The theoretical maximum of compression ratio is approximately 
8: l. The engine was water-cooled and the intake air was supplied by compressed air. 
Motoring of the engine was done by adapting two starter solenoid coils from a heavy-duty 
engine to act directly on the connecting rod which will automatically disengage when the 
shaft speed exceeds a preset value, inferring that the engine has started. In addition, to 
simulate linear alternator load on the engine, a simple friction brake was constructed to be 
applied directly on the shaft. 
An engme controller was constructed in-house to fire the motoring coils, as well as 
control spark timing and fuel injection pulse width. Two variables were acquired during 
the experimentation namely, linear position and in-cylinder pressure. 
The prototype was tested at the following operating condition: 
I. No-load or idling with highly advanced ignition timing. 
2. Constant load while maintaining the ignition timing. 
3. Various load with various ignition timing. 
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It was concluded that: 
I. For no-load and with load at advanced ignition timing, the pressure vs. 
volume diagrams depicted higher adverse work during compression than 
expansiOn. 
2. The adverse work was eliminated at higher load with retarded spark timing. 
3. The cycle-to-cycle variations were improved at higher load and retarded 
spark timing. 
4. The heat release analyses explained the results observed in I and 2-showing 
maximum heat release occurred before the end of compression stroke for 
result no. I and optimum heat release timing for result no. 2. 
Finally, the linear engine-permanent magnet alternator was combined and tested. The 
result showed a successful operation at 23.1 Hz with 316W electrical output [7]. 
In addition, on the electrical machine, Cawthorne [55] presented work on optimization of 
a brushless permanent magnet linear alternator for the linear engine since the previous 
prototype was not coupled to the linear alternator and the interactions between the two 
were not consider. Next, a moving iron linear alternator (MILA) technology was studied 
[56], which was claimed better than other types of alternator with rugged structure and 
low production cost. 
Based on his experimental results, Nandkumar [7] had concluded that throttled operation 
is undesirable and compression ignition operation is desirable for free-piston engine. 
Following this, Houdyschell [57] presented a diesel linear engine prototype for electrical 
power generation. The two-stroke engine prototype, with a bore of 75 mm and a 
maximum stroke of 71 mm was tested to varying degrees of success. The engine has 
never attained a sustained operation due to failures in the engine control. Instead, an 
idealized model analysis was developed. The model shows an increase in the achieved 
stroke length with an increase in the amount of heat input. In addition, an increase m 
cylinder bore or slider mass results in an increase of amount oftime for a stroke. 
Further, several modeling and simulation works were done by the researchers from the 
West Virginia University in the years that follow. A numerical simulation of the linear 
engine-alternator combination using the experimental data was presented [58], followed 
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by numerical simulation for parametric study of the direct injection compression ignition 
version of the prototype [59, 60]. 
ii. Sandia National Laboratories 
Researchers from Sandia National Laboratories had published several works related to the 
free-piston linear alternator. Van Blarigan et al. [21) had presented a study to employ 
homogeneous charge compression ignition (HCCI) on free-piston engine by testing using 
a free-piston rapid compression-expansion machine (RCEM). The paper, investigate the 
effect of lean HCCI operation on the cycle thermal efficiency and exhaust emissions by 
using eight different fuels, liquid and gaseous types. By employing HCCI, the cycle 
thermal efficiency was found to be improved to 56% as compared to conventional 
combustion system due to the almost constant volume combustion as in Otto-cycle. The 
low NOx emissions are possible while regulated emissions such as HC and CO must be 
controlled by exhaust gas after treatment. 
Goldsborough and Van Blarigan had presented a numerical study on free-piston engine 
operating on HCCI at steady state operation [22]. The paper described a zero-
dimensional, thermodynamic model with detailed chemical kinetics and empirical 
scavenging, heat transfer and friction component models. Various cycle simulations were 
conducted to investigate the characteristics of the free-piston generator, to determine the 
thermal efficiency and emissions. Hydrogen was chosen for the fuel in the study because 
[5): 
1. To provide a transition strategy from hydrocarbon fuels to a carbonless 
society. 
2. To enable renewable energy sources. 
The researchers concluded that [22]: 
I. The free-piston engine IS theoretically capable of achieving thermal 
efficiency of 65% (omitting short-circuiting losses). Which was found to be 
56% through the RCEM experiments [21 ]. 
2. The operating compression ratio is variable and mainly dependent on the 
operating conditions of the engine. 
3. The HCCI combustion process was found to be rapid. 
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4. The NO, emiSSions levels were reduced over conventional engine due to 
very low equivalence ratio implemented in the HCCI combustion. 
5. The scavenging process is essential in successful free-piston engme 
operation. 
6. The piston dynamic IS critical m terms of ensunng complete HCCI 
combustion and NO, emissions. Under compression will result in poor 
combustion, while over-compression will result in significant NOx 
emissions. In comparison with conventional engine, free-piston engine has 
shorter residence time at TDC due to rapid acceleration and deceleration at 
the ends of the stroke, which could be attractive in terms of heat transfer 
losses and NO, formation. 
The study of the scavenging system is essential and inevitable for a two-stroke free-piston 
engme. Therefore, in order to ensure that the goals of a free-piston engine's performance 
can be achieved, the scavenging system was configured using computational fluid 
dynamics (CFD), zero- and one-dimensional modeling, and single step parametric 
variations were presented [41, 42]. A wide range of design options were investigated 
including the use of loop, hybrid-loop and uniflow scavenging methods, different charge 
delivery options, and various operating schemes. 
Parameters such as the intake/exhaust port arrangement, valve lift/timing, charging 
pressure and piston frequency were varied. Operating schemes including a standard 
uniflow configuration, a low charging pressure option, a stratified scavenging geometry, 
and an over-expanded (Atkinson) cycle were studied. The computational results indicated 
that a stratified scavenging scheme employing uniflow geometry, and supplied by a 
stable, low temperature/pressure charge will best optimize the efficiency and emission 
characteristics of the engine. 
The operating compression ratio can be maximized through significant replacement of the 
burned charge, while short-circuiting emissions can be controlled by late fuel injection. 
The emissions control was found to be affected by the in-cylinder mixing during and after 
scavengmg. 
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Finally, the use of over-expanded configuration appeared to be limited due to large cycle-
to-cycle variations and poor performance when there were slight changes in the operating 
conditions. 
iii. Czech Technical University (CTU) 
The researchers from Czech Technical University (CTU) had presented the modeling and 
control of free-piston-generator engine [9, 10, 61, 62]. A nonlinear time-based in-cycle 
thermodynamic model of the linear combustion engine (LCE) was developed and 
simulated using Matlab Simulink [61, 62]. This model is used as a tool to design precise 
control of the prototype. The tested prototype is a 50cc/cylinder single piston with dual 
combustion chambers configuration [9, I 0]. The engine employed air assisted direct 
injection system. The linear motor-generator is driven through a 3-phase IGBT bridge 
during motoring of the engine. 
A power switch was used to recognize and control the electrical energy flow. The power 
gained from the free-piston generator is equal to the power dissipated in the load resistor 
in this circuit [9, 1 0]. 
There are three levels of control considered [9, I 0]: 
I. Top level: Energy management of the vehicle, not yet considered in the model and 
prototype. 
2. Second level: For controlling the fuel injectors and throttle for fuel-air mixture amount 
determination and spark set point for combustion rate control. Further, it is also 
responsible for the emission and keeping the lambda ratio around 1. 
3. Third level: For controlling the pistons-connecting rod (translator) assembly motion by 
keeping the energy drain at maximum efficiency. It is also responsible for the misfire 
control and collision avoidance between cylinder head and piston. 
The control of the linear motor-generator and combustion engine was for the operation in 
single mode at constant speed [I 0]. 
In the prototype, the variables which were acquired [9, I 0] are: 
1. Translator position. 
2. Translator velocity. 
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3. Intake air pressure. 
4. Intake air mass air flow. 
5. Current flow through motor-generator coils. 
6. In-cylinder pressure. 
A series of experiments to obtain p-V diagram for comparing with simulation results was 
done. It was found that, the prototype was unable to achieved steady state operation 
without using external electric energy; further, the electrical generation was not obtained 
due to improper motor-generator parameters; finally, the combustion was incoherent [9, 
10]. 
iv. Royal Technical Institutes (KTH) 
Waqas from KTH had presented a work about low-leakage linear transverse-flux 
electrical machine (TFM) [ 19]. The study had concluded that TFM topology is the most 
promising among other types studied. A three dimensional finite-element analysis was 
done indicating failure in the preliminary design. A prototype of the TFM was 
constructed, however it suffered two manufacturing defect namely 50% demagnetization 
of the permanent magnet and translator poles was 7% longer than the stator poles. These 
lead to loss in the magnetic flux and misalignment between the stator and the translator 
axes which resulted in only 30% of the estimated EMF was available. 
Free piston energy converter (FPEC) prototype studied by researchers from KTH was a 
single piston with dual combustion chambers HCCI operated engine with direct injection 
system and I OOmm bore [6, II, 12]. It employed ported intake and exhaust valves. The 
prototype was designed with an integrated generator with a 45kW output and 9kg moving 
mass. 
A study in terms of power pulsation of FPEC was presented by Hansson et al. [11, 12]. 
The generated power pulsates due to the reciprocating motion of the translator. A 
comparative study on how different generator force profile affect the electric power 
pulsations produced by the FPEC was done besides the influence of the profile on 
translator motion and required current. A dynamic free piston model was used for the 
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investigation. Results show that the generator force profile has a major impact on the 
power pulsation amplitude and peak current demand. Thus the chosen force profile will 
affect dimensioning of power converter, electrical machine and energy storage. 
Furthermore, loading the translator heavily in the beginning or end of the stroke seems to 
affect the peak translator velocity more than evenly distributed load profile. The 
investigations on how the losses in a free piston energy converter during start, stop and 
idling affects energy consumption and required power from the supply system were done 
by Hansson et al.[ll, 12]. Simulation results indicate that the electrical machine 
efficiency is the most critical factor during start. Moreover, by choosing the correct 
amplitude of the starting force, energy consumption during start can be reduced. When it 
comes to idling, friction is the most significant loss factor. Nevertheless, by compensating 
the mechanical loss for short time intervals using the generator force, the reciprocating 
motion can be kept alive for a rapid start without major energy consumption. 
The performance gam of utilizing the FPEC in a medium sized series hybrid electric 
vehicle (SHEV) was also investigated [6]. The benchmark was a conventional diesel-
generator. The results show a potential decrease in fuel consumption of up to 19 % when 
compared to a diesel-generator SHEV. 
v. Universiti Teknologi PETRONAS 
Saiful (2007) had presented several starting methods by employing the linear generator 
(LG) as a linear motor during starting [8]. The linear generator free piston engine was 
modeled and simulated using Matlab SIMULINK, and implemented on the running 
prototype. The model's subsystems were verified by experimental results of the running 
prototype. It is the first comprehensive transient study on the starting of free-piston linear 
generator by rectangular commutation ever published to date. 
The tested prototype was a single piston with dual combustion chambers, CNG fueled, 
direct injection system with 76mm bore and 69mm stroke. The integrated linear 
generator is a 3-phase brushless motor-generator driven by MOSFET inverter driver 
designed for 5kW output with 5kg moving mass. There were two types of electrical 
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commutations tested i.e. six-step and square-wave by current injection strategy. The 
current is provided by the battery bank consisting of 12V batteries connected in series. 
The starting strategy of the free-piston linear generator was to motor the engine m 
resonating mode and utilizing the air spring characteristic of the cylinders for starting. 
The high current required to compress the cylinder charge to TDC posed problem to the 
inverter driver and LG coils, thus the reciprocating strategy was proposed. The 
resonating strategy was found to work in simulation with constant force, however in 
reality the force profile varied. The successful of resonating strategy by using the air 
spring cannot be achieved due to the leakage on the piston rings which posed challenge to 
obtained lossless compression-expansion profile. It was found from the simulations that: 
I. The amplitude of the reciprocation started to increase at 7-battery or 84V 
voltage supply. 
2. The full stroke was achieved at 12-battery or 144V voltage supply. 
2.6 Conclusion 
In conclusion, during the preliminary development of internal combustion engine it was 
shown that the high efficiency engine was of the free-piston type [15, 17]. However, 
since the shaft output was the most desirable requirement for any prime mover at that 
time, the crank-slider version ofiC engine was the central of attention. 
Until recently, with the increasing cost of materials and fuels, the importance of 
alternative prime mover, especially for the application of series hybrid electric vehicles 
and electrical power generation, the free-piston linear generator was found to provide a 
long term solution to this crisis. 
Furthermore, the employment of hydrogen for this technology is significant and relevant 
towards pollution-free prime mover and renewable energy society. However, the 
problems which have plagued free-piston linear generator technology must be solved 
before this technology can be used by others. In this research, the focus is on combustion 
process investigation during starting mode. 
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The starting strategy must be devised to solve two pnmary problems during starting 
namely: to obtain required compression ratio and to have enough intake air. It is obvious 
that there are no detailed reported work in this area, thus it is the main focus of this thesis 
to ensure a reliable working prototype during starting operation. 
In the next chapter, the theoretical background on two-stroke operating parameters, free-




3.1 Two-stroke engine operating parameters 
In chapter 2, the literature on internal combustion engine, two-stroke cycle and free-
piston engine were explained. In this chapter, the theoretical background on these 
subjects will be explained. In addition, theoretical equations will be introduced which 
will then be used in the experimental result analysis later on. 
3.1.1 Two-stroke gas flow performance parameters 
According to Blair [27], Heywood and Sher [18] and Stone [17], there are several 
parameters that should be evaluated which are important in the optimization of the 
scavengmg process. 
The volumetric efficiency equivalent parameter IS the Delivery Ratio, Adr, which IS 
defined by equation 3-1: 
3-1 
where M; is mass of delivered air, Vd is swept volume, Pais ambient air density. 
Typical values of Delivery Ratio for crankcase scavenged are 0.65< Adr <0.95 [ 16, 17]. 
The Scavenging Efficiency 'lsc is defined by the equation 3-2: 
TJsc = M M 
a+ b 
3-2 
where Ma is mass of delivered air retained, (Ma + Mh) is mass of trapped cylinder charge. 
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Typical values for scavenging efficiency for crankcase scavenged: 0. 7< 'lsc <0.9 [16, 17]. 
The effect of short circuiting can be determined by the Trapping Efficiency, 'ltr, defined 
in equation 3-3: 
3-3 
where Ma is mass of delivered air retained, M; is mass of delivered air 
The values of trapping efficiency are typically in the range of 0.65< 'ltr <0.8 [ 16, 17], for 
crankcase scavenged engine. 
The Charging Efficiency, 'lch, is defined by equation 3-4 
3-4 
where Ma is mass of delivered air retained, Vd is swept volume and Pais ambient density. 
Equation 3-1,3-3 and 3-4 can be combined into equation 3-5, i.e.: 
3-5 
The Relative Charge, "Ac, is the ratio of scavenging efficiency and the charging efficiency, 
defined in equation 3-6: 
A. = Ma +Mb 
c Vdpa 
3-6 
where (Ma + Mb) is mass of trapped cylinder charge, Vdis swept volume and Pais ambient 
density 
This is the indication of the degree of supercharging, and also can be written m the 
following form defined by equation 3-7: 
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3-7 
Equation 3-1 to 3-7 will be used during the scavenging performance evaluation in the 
analyses. However, not all parameters can be evaluated since it requires extensive 
experimental procedures and equipments. Therefore, some parameters will be evaluated 
by using mathematical model by Hopkinson [ 18, 27]: 
i. Perfect Displacement Model 
In Perfect Displacement Model (Figure 3-1 (a)), there are two cases: 
a) For ~r :S 1, then, T]tr= I and T]sc = ~r-
b) For~,> I, then, T]sc= I and lltr = ~,- 1 • 
ii. Perfect Mixing Model 
In the Perfect Mixing Model (Figure 3-1 (b)), from derivation usmg calculus, the 
Scavenging Efficiency, T]sc can be evaluated as in equation 3-8: 
a) T]sc= 1-exp( -~,) 
Followed by, Trapping Efficiency, lltr. in equation 3-9: 



















Figure 3-1: Perfect-Displacement Model a) and Perfect-Mixing Model b) [43]. 
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3.1.2 Swept volume, trapped volume and compression ratios 
This section will define some two-stroke engine geometrical parameters used throughout 
this thesis. 
Swept volume for an engine having a cylinder's bore, Band stroke, Scan be defined as: 
3-10 
When the exhaust port is fully closed at a distance of S1 from TDC, the trapped volume is 
produced, which is defined by: 
3-11 
Blair [27] had defined compressiOn ratio values as the ratio between the maximum 
volumes in any chamber of an engine to the minimum value of that chamber. The 
crankcase compression ratio, rcc for a two-stroke engine can be defined as: 
3-12 
Where V,c is crankcase clearance volume, i.e. the volume in the crankcase at BDC. 
Higher value of rcc will result in higher pumping action, however this value is fixed by 
engine's geometrical parameters namely, bore, stroke, connecting rod length and 
interconnected value of flywheel diameter. 




where Vc is clearance volume, i.e. the volume between TDC between and the top of the 
cylinder head. 
Finally, the trapped compression ratio, r, , which is essential parameter for two-stroke 






3.2 Free-piston engine operating parameters 
The free-piston engme operating parameters have been adopted from some of 
conventional internal combustion engine parameters since both were based on the same 
operating principle. 
3.2.1 Indicated work per cycle and power 
The work done per cycle can be calculated from the pressure vs. volume (p-V) curve from 
integration of the area under the curve which can be represented by strips of element with 
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Figure 3-2: Work per cycle calculation and IMEP representation from p-V diagram [27]. 
Free-piston engme does not produce shaft power, thus no torque is available for its 
operating parameters evaluation. Instead, the power is determined from the work per 
cycle evaluation from the pressure vs. volume graphs. 
Power can be determined from the following equation: 
P; = fpdV X N 3-15 
Where, N is the engme speed in revolution per second. Alternatively, power can be 
determined from IMEP as follow: 
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P;=IMEPxVsxN 3-16 
3.2.2 Mean effective pressure and COY 
Mean effective pressure (MEP) is a normalized parameter which is a useful relative 
measurement of an engine's performance. Unlike torque and power, MEP is independent 
of engine size. MEP is simply the work normalized by swept volume. 
Indicated mean effective pressure or IMEP, is a very important and fundamental engine 
performance variable which can be determined from the following [63]: 
I. The measurement of digital cylinder pressure. 
2. The numerical integration of the cylinder pressure and volume. 
IMEP is calculated by the numerical integration of the pressure vs. volume curve for a 
complete engine cycle. The representation of IMEP on p-V diagram as summarized in 




However, there are several other methods which were evaluated by Brunt and Emtage 
[63] that can be used to evaluate the IMEP numerically from the experimental data such 
as in the following equation which had been modified for time based instead of crank 
angle based: 
IMEP = ~ f p(i) dV(i) 
V s i=nl dt 
3-18 
Cycle-to-cycle variation of the IMEP is expected for a spark ignition engme. The 
variation is noticeable especially if the engine operated under lean operation and at low 
speed (especially during idling). 
The coefficient of variation (COY) can be quantified in the following ways: 
a) Evaluate the average IMEP: 
I n JME~ve =-L JMEP; 
n i=l 
where n is the number of samples 




i (!ME~ve- IMEP;) 2 
i=l n -I 
c) Finally, the COY can be calculated: 







For conventional engine, the COY values must be lower than 10% [15]. However for 
free-piston engine, it should be defined differently and the threshold value should be 
investigated although Nandkumar [7] had used the same principle. 
3.2.3 Air-fuel ratio & fuel-air ratio, lambda and equivalence ratio 
The air-fuel ratio (AFR) and fuel air ratio (FAR) can be defined as follow: 
3-22 
where rna is the mass of air andm1 is the mass of fuel. 
3-23 
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A stoichiometric combustion can be defined as a combustion in which all fuel is fully 
oxidized. The stoichiometric combustion equation of hydrogen in air is shown below: 
Based on molecular weight of the elements substituted into equation 3-22, the 
stoichiometric value of the AFR for hydrogen combustion can be obtained as follow: 
32+ 79 X 28 
AFR = 28 = 34.3 
2x2 
In addition, two normalized parameters will be introduced as follow: 
The fuel-air equivalence ratio, 
(/J = (F AR)ac/ual 
(FAR)stoich 





At stoichiometric, rp = A = I , for rich mixture, rp > 1 and A < 1 , for lean mixture, 
rp < I and A > 1 . 
3.3 Combustion process analysis 
Several simulations of the free-piston linear alternator had been published which covered 
spark ignition (48, 58, 62], compression ignition [47, 59, 60] and HCCI [2, 22, 24, 25, 
64, 65) types. In addition, the heat release analysis of a combustion process can be 
obtained numerically and experimentally. In this research, the combustion process will 
be analyzed from the experimental data based on the pressure and volume data acquired. 
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3.3.1 Heat Release analysis-Experimental Method 
In an internal combustion engine, the combustion process releases chemical energy stored 
in fuel into heat energy which resulted in high temperature and pressure of the burning 
gases, thus expanding the in-cylinder volume producing work on the piston. In this 
section, the theoretical analysis of combustion process through mathematical and 
experimental methods will be introduced as a part of the methodology of this research. 
Experimental data acquired by sensors from the engine setup will be analyzed to obtain 
mass fraction burned, the rate of chemical energy or heat release. The in-cylinder 
pressure and volume are among the measured parameters of the engine. These data are 
used to analyze the combustion process efficiency and engine performance. 
In ideal Otto cycle, the combustion process is assumed to occur at a constant volume. In 
reality, it can be observed from pressure vs. time diagram that it is a time-dependent 
process. 
Volume Change, Vl to V2 
Pressure Change, P 1 to P2 
dQr / 
,, I? 




Figure 3-3: The thermodynamic of in-cylinder changes during combustion [27]. 
The pressure and volume data are essential for the combustion process analysis. Blair 
[27] had presented the derivation for the heat release during combustion based on the 
initial condition in Figure 3-3. 
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However, the absence of crankshaft in free-piston engme has resulted in a different 
analysis approach for the combustion process analysis. Thus, for free-piston engine case, 
the derivation will be adapted to neglect the crank-angle term. 
The final equation which relates the terms in Figure 3-3 is summarized by equation 3-26 
[27]: 
dQr = ((P2- PI)x Vr n)x {[(;:I)]}+[ ( V 2 ~ Vl)] 3-26 
Where dQr is incremental heat release, P 1 and VI are initial pressure and volume 
respectively, P2 and V2 are pressure and volume after time dt respectively, r is specific 
heats ratio, Vr is incremental volume ratio which is calculated by VI N2 and n is 
polytropic exponent. 
From equation 3-26, there are two parameters that must be assumed during the analysis of 
the pressure and volume data, which are; rand n. The value of the polytropic exponent, 
n, which comprises of nc, for compression and ne, for expansion, can evaluated from the 
analysis of the experimental pressure trace. Whereas, to determine the value of r 
accurately will required laborious experimental setup and analysis of the exhaust gases 
and chemical analysis of the sample from the cylinder gas at the end of combustion. The 
value of which it can be assumed is lies between 1.25:5: r :5:1.32 for during and post 
combustion, and 1.36:5: y:S:l.38 for pre-combustion [27]. 
Equation 3-26 in the simplest form, developed by Rassweiler and Withrow is shown in 
equation 3-27 [27, 66]: 
3-27 
The values of dQr are evaluated and the summation of these values is the determined to 
obtain the value of the total heat release, Qr within a combustion duration, t b , for a 
particular combustion cycle. The total heat release is defined by equation 3-28: 
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3-28 
Combustion duration can be defined as the duration of time taken between start of 
combustion, ts and end of combustion, te. The value of ts can be identified as the time 
when the net heat release increments first become positive while te as the time when the 
net heat release become zero or negative [67]. 
3.3.2 Mass fraction burned analysis-Experimental Method 
Mass fraction burned (MFB) can be defined as the mass fraction of fuel which has been 
burned to date starting from the start of combustion, which equal to 0 and at the end of 
combustion the MFB value is I. MFB described the energy conversion during a 
combustion process [68, 69]. MFB at each corresponding time step of the pressure values 






Alternatively, it can be calculated based on the Rassweiler and Withrow procedure [66, 
68, 69] which is based on the assumption that: 
During combustion, the pressure rise tJp consists of two parts: 
a) Pressure rise due to combustion (tJpc). 
b) Pressure change due to volume change (,(jpv)· 
f"..p 3-30 
Assuming the pressure rise !).pc is proportional to the heat added to the in-cylinder 
medium during the time interval, the MFB at the end of the considered i-th interval can be 





Where 0 indicate the start of combustion and N is the end of combustion. 
Based on polytropic equation, Lip" can be calculated as shown in equation 3-32: 
3-32 
3.4 Conclusion 
As a conclusion, this chapter has provided theoretical background on two-stroke engine 
and free-piston engine operating parameters, the concept of MEP, IMEP and COY and 
finally the combustion process analysis. These background theories are needed during 
the experimental results analyses later on. 
Next chapter will be dedicated to the specifications of the running prototype of free-




PROTOTYPE AND EXPERIMENTAL WORK 
In the previOus chapter, internal combustion engme historical background and theory 
were introduced. In addition, the theoretical background on two-stroke engine, related 
fundamental equations for internal combustion engine and two-stroke engine, and free-
piston engine research and development by other researchers have been presented. This 
chapter will be dedicated on the prototype of free-piston linear generator engine. Further, 
the details of the experimental set-up for this research will be presented. Finally the 
fundamental equations for analyzing the experimental data will be included and explained 
in detail. 
4.1 The prototype 
The prototype was designed, developed and fabricated by the Linear Generator (LG) team 
which comprises of researchers from Universiti Teknologi PETRONAS (UTP), Universiti 
Malaya (UM) and Universiti Kebangsaan Malaysia (UKM). It is a two-stroke, 5kW 
linear generator free-piston engine. It has two cylinders with an engine capacity of 313cc 
each at both ends. The intended application of the LG prototype is to charge on-board 
power accumulators (battery packs) for use in series-configuration hybrid electric vehicle 
(S-HEV), or other applications such as portable power units. The team at UTP is 
primarily responsible for designing and fabricating the linear engine prototype, along with 
the required controls and data acquisition system. After several painstaking design and 
development processes were completed with inputs from UM and UKM teams, the final 
working prototype of LG-FPE were completed. The prototype's specifications are shown 
in Table 4-1: 
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Table 4-1: The specifications of the I in ear generator free-piston engine prototype. 
Engine type Two-stroke, DISI 
Bore (mm) 76 
Maximum Stroke (mm) 69 
Maximum Compression ratio 14 
Total engine capacity (cc) 626 
Exhaust port open/close (mm from origin) ±34.5/±5.5 
Intake port open/close (mm from origin) ±34.5/±22 
Scavenging type Loop Scavenged 
Curtis type 
Maximum Scavenging compression ratio 1.71 
Moving Mass (kg) 3.7 
Linear generator output (kW) 5 
The origin is defined as the position where the linear displacement reading from the linear 
encoder is set at zero. At this position, both exhaust and intake ports for both cylinders 
are fully closed. The origin defines the middle position of the translator assembly with 
respect to the fix assembly parts which comprised of the cylinder blocks, cylinder head, 
scavenging chambers and stator. The relationship between the cylinder's geometry and 
linear encoder scale is shown in Figure 4-1: 
Cylinder2 
Intake Port 
Exhaust Port-"-""-'-.LL...LL..L.L; starts to OPEN 
starts to OPEN 
r-----lntake/Exhaust Ports 
FULLY OPEN 
Linear Encoder Scales 
Origin ~'''""'' 
Figure 4-1: Linear encoder scale in relation with cylinder 2 geometry and origin position. 
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The cylinder block, reed valve and piston are original components of an aircraft glider 
engine. The prototype assembly drawing is shown in Figure 4-2: 
Direct Injectors Assembly 
Cylinder 
Heads 
Figure 4-2: Linear generator free piston engine prototype assembly 
The simplicity of the linear generator free-piston engine design can be observed in Figure 
4-3. The prototype's components consist of two sets of the same parts symmetrically 
located about the stator assembly centerline. There are two sets of piston assemblies (each 
consist of a piston, piston pin and two piston rings), cylinder blocks, cylinder heads, 
scavenging chambers and reed valves. The cylinder heads are custom made for direct 


















I Cylinder 1 I 
Cylinder 
Block 
Figure 4-3: Linear generator free piston engine prototype components. 
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Due to the absence of the crank-slider mechanism and flywheel components, the power-
to-weight ratio of the engine is increased substantially. In addition, the maintainability is 
better than the conventional engine while the manufacturing cost can also be reduced. 
4.2 The experimental setup 
The experimental setup consists of hardware and software developments. Besides the 
prototype itself, the hardware involves the sensors and actuators for the engine and 
battery banks and inverter driver of the linear generator. While for the software, hundreds 
of virtual instrument (VI) for the control and data acquisition's computer programs were 
developed on the LabVIEW and LabVIEW Real-Time software platform from National 
Instruments. 
4.2.1 Hardware 
The prototype has been introduced in section 4.1. The hardware used in this experimental 
setup consists of electrical and mechanical components. The electrical hardware can be 
classified into sensors, actuators, driver & amplifier and controller & data acquisitions. 
The layout of these components is shown in Figure 4-4. 
IN-CYLINDER 
















The sensor will convert physical quantity into electrical quantity. The sensors 
used in the experimental setup are summarized into Table 4-2. 
Table 4-2: List of sensors used in the experimental setup. 
Sensor Manufacturer Function 
Magnetic Linear Baumer Electric Linear Position input 
Displacement sensor. 
In-cylinder pressure. Kistler In-cylinder pressure 
measurement 
Engine temperature Synerject Engine temperature 
measurement 
Gas Pressure and Texas Instruments Gas temperature and pressure 
Temperature measurement. 
T-MAP Synerject Intake air temperature and 
manifold absolute pressure. 
Home sensor Honeywell Reference to reset origin 
position. 
Clamp meter Kyoritsu Injection current from battery 
bank measurement. 
2. Actuators 
The actuator is the component that makes physical change based on electrical 
input. The list of actuators is summarized in Table 4-3. 
Table 4-3: List of actuators used in the experimental setup. 
Actuator Manufacturer Function 
Ignition coils Marshall Deliver high voltage to spark plug. 
Spark plug NGK To ignite combustible mixture in the 
cylinder. 
Direct Injector Synerject To inject fuel into the cylinder. 
Oil pump Mikuni To squirt lubrication oil for pistons 
lubrication. 
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3. Drivers and Amplifiers. 
Table 4-4: List of drivers and amplifiers used in the experimental setup. 
Driver/ Amplifier Manufacturer Function 
Charge amplifier for in-cylinder Kistler Convert charge to voltage. 
pressure 
Switch mode injector driver Orbital Driver for the direct 
injectors. 
Oil pump relay OMRON To drive oil pmp. 
Oil pump Mikuni To squirt lubrication oil for 
pistons lubrication. 
4. Controller and Data acquisitions. 
The controller used for the experimental setup is the National Instruments PXI 8186 
integrated in PXI 1 052E chassis. The data acquisition card installed in the chassis is PXI 
6052E, while two counter cards (model PXI 6602) are used for the displacement reading 
and injector and ignition timing. The controller is connected to a host PC via TCP-IP 
communication. The user control function is done from the host PC by using Lab VIEW 
Real-Time software platform. The details of the program will be described under 
software section. 
While the mechanical hardware consists of: 
1. Fuel system 
The fuel system of the experimental setup is designed for high pressure gaseous 
fuel. Two types of fuels were tested namely, CNG and hydrogen. The fuel supply 






MANUAL BALL VALVE & 
PRESSURE GAUGE 
L--------l MULTl-STf<.GE REGULATOO 
AND MASS FLOW METER 
Figure 4-5: The fuel system for the experimental setup 
2. Lubrication system 
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Since the LG FPE is running on two-stroke cycle, it requires lubrication method 
employed in conventional two-stroke engine. This is achieved by injecting 
lubrication oil through the intake air supply which will then burn in the 
combustion chamber. The oil pump was set to squirt once every 5 cycles with a 
pump capacity of squirting around 250 cm3 /hr. 
3. In-cylinder sensor cooling system. 
The in-cylinder pressure sensors used need cooling system which supplied by the 
tap water through the sensors. 
4.2.2 Software and programming 
Among the challenges in developing linear generator free-piston engine is the complexity 
of the control strategy. LG-FPE control strategy has been developed with the ability to 
provide transparency and flexibility for continuous development and improvement by 
using Lab VIEW software platform. There are two control loops in the program namely; 
1. Motoring Loop 
2. ECU loop 
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In motoring loop, the translator positions at which the correct patrs of coils to be 
energized were programmed to produce the required motoring direction. In motoring 
loop, the displacement reading is acquired at I OkHz, which wi II update the translator 
position at every 0.1 ms for the switching operation based on six-step commutation 
technique. A detail description is available from Saiful [8]. 
While in the ECU loop, fuel injection timing and ignition timing were controlled for the 
combustion operation of the LG-FPE. The translator position signal will be used for the 
start of fuel injection (SOF) position, and the injection duration will be calculated in the 
program based on the fuel per cycle (FPC) data input by user (for starting) and based on 
the fuel map (during idling and with load operation). In addition, the start of ignition 
(SOl) is also based on the displacement reading. 
The program is also used for data acquisition of the experimental data for online display 
and for logging. The data acquired are as follows: 
I. In-cylinder pressure I and 2. 
2. Linear displacement. 
3. Current. 
4. Intake air flow rate. 
5. Gas Pressure and Temperature. 
6. Engine temperature. 
7. Intake air temperature and manifold absolute pressure. 
8. Gas mass flow rate. 
The logged data were only for in-cylinder pressures, linear displacement, current and 
intake air flow rate. 
4.3 Preliminary experiments 
Preliminary experiments involved baseline data gathering for motoring while increasing 
the battery quantities, injectors gain evaluation experiments, intake airflow measurement 
experiments and scavenging pump performance experiments. These preliminary 
experiments will provide initial data for the combustion experiments. 
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4.3.1 Motoring experiments 
In the motoring experiments, the aims are: 
I. To determine the maximum compression pressures build up m the combustion 
chambers with increasing motoring force. 
2. To obtain safe and optimum motoring limit during starting of the linear generator 
free-piston engine. The safety concern is on the components of the prototype 
when the motoring limit is increase beyond the motoring force capabilitl, the 
current flow into the coils will be large enough which will damaged the 
MOSFETs and even melt the cables and coils. In addition, the motoring speed 
must be enough for the scavenging system to perform. 
The motoring force is directly proportional to the injection current, which is related to the 
supplied voltage. The experimental setup voltage supplied is from the battery bank. 
Therefore, by increasing the battery quantity the motoring force is also increased. Due to 
the hardware limitation [8], the maximum battery quantities can be tested for this 
experimental setup is limited to five batteries. 
4.3.2 Injectors gain 
The injector gain constant (Rr) value is unique for each injector. Therefore, it must be 
calibrated and determined by bench testing. The injector used in the prototype is shown 
in Figure 4-6. The injector type is Strata CNG, with 79° exit angle and expected flow rate 
of3mg/ms. 
3 Each voltage level will result in different maximum current. However, the current will never reach 
maximum value due to constant switching of the driver which controls the current flow through each coil. 
In addition, if the motoring force is low, the resulting motoring speed will be slower, enough to allow the 








Figure 4-6: The direct injector. 
In the injector gain experiments, the injector is calibrated using the coriolis mass flow 
meter. The procedures are as follows: 
1. The experiments are done by simulating starting speed of 300cpm and varying the 
pulse width duration of each injector. 
2. At this constant starting speed, the injection duration of the injectors is varies and 
the corresponding fuel mass flow rate is acquired from the coriolis mass flow 
meter. 
3. The value of the injector gain is calculated by dividing the mass flow rate by the 
injection duration. 
4. The injector gain value for each injector is the average value of the injector gain 
calculated at the different injection duration. 
These values will be used in the following ways: 
1. For calculation of the fuel per cycle required during starting ofLG-FPE. 
2. To be defmed in the program for the combustion testing. 
4.3.3 Intake air flow measurements 
As a part of the fuelling requirement calculation, the intake air flow into the LG-FPE 
must be evaluated. When the air flow rate is known, the fuel requirement can be predicted 
for the initial starting of the engine. Since the LG-FPE setup cannot be drive by any 
engine dynamometer (due to the absence of any rotary mechanism), the basic fueling 
calculated from the air flow measurement experiments will be used for the preliminary 
starting fuel requirement. In addition, this experiment will provides information on the 
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effect of engine speed to the air flow of LG-FPE and the intake air flow profile can 
provide as guide to intake air behavior of the LG-FPE during starting and idling. 
i. Basics of air flow measurements 
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Figure 4-7: Basics of air flow measurement [70] 
The basics of air flow measurement can be summarized as in Figure 4-7. Volume flow 
meter will give reading in volume/time. Mass flow meter will gives reading in mass/time. 
Mass flow rate can be converted into volumetric flow rate and vice versa, if the density of 
the flowing media is known. 
Two parameters that affect a1r flow measurement are its pressure and temperature. 
Therefore, it poses challenge in measuring the air flow. The importance of obtaining the 
pressure and temperature at which the air is flowing is apparent due to this reason. In 
addition, these data will be needed since it is important to change the flow at the 
operating condition into standard condition for a valid comparison. 
Standard condition is defined as pressure at sea level which is equal to 1.01325 bar and 




There are several algorithms for the calculation of the volumetric air flow based on the 
measuring instruments used for the specific applications. In this research, only the 
laminar flow elements system will be explained. 
ii. Laminar flow elements (LFE) 
LFE is a pipe contains honeycomb-like structures which make air flow laminar. The 
flows of air or gas inside the LFE induce a differential pressure (DP) along its length. 
The DP for LFE has a linear characteristic with respect to the flow along the pipe. This 
relationship is based on Poiseuille's law which stated that for a laminar flow, the flow in a 
thin pipe is proportional to the pressure loss per unit length, summarized in equation 4-2: 
Q = Jrr 4 !:J.p 
877 l 4-2 
where Q is a volume rate of the liquid, along the axial cylindrical coordinate z, r internal 
radius of the tube, !',.p • the pressure drop at the two ends, 11 dynamic fluid viscosity and I 
characteristic length along z, a linear dimension in a cross-section (in non-cylindrical 
tube). Therefore, with known values of radius, length and fluid viscosity, the volumetric 
flow in the LFE which is directly proportional to the DP can be evaluated. The 
advantages of using LFE are due to its linear characteristic (which enables measuring a 
wide flow range), low pressure drop and quick response to volume change. 
m. The experiments 
An experimental setup for measuring the intake airflow rate of the LG-FPE during 
motoring was setup as shown in Figure 4-8. 
the scavenging 
chamber 
Figure 4-8: Intake air flow measurement experimental setup. 
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The experimental setup consists of intake air filter, Meriam Laminar Flow Element 
(LFE), Meriam Instrument's 2110F Smart Flow Gauge, Temperature and Manifold 
Absolute Pressure (TMAP) sensor, humidity sensor and intake air tank. The LFE 
function is to make the intake air flow into the engine laminar. The laminar flow through 
a pipe is described by the Hagen-Poiseuille law, stating that the flow rate (Q is equal to 
volume of fluid flowing per unit time) is proportional to the pressure difference ~p 
between the ends of the pipe and the fourth power of its radius r, given by equation 4-3: 
Q = n!!ipr 4 
8lf1 
Where lis the length of the pipe and 11 viscosity ofthe fluid 
4-3 
~p is measured by the 211 OF Smart Flow Gauge. The 211 OF Smart Flow Gauge is a 
microprocessor based pressure-sensing device with algorithm to calculate flow that can 
be use in conjunction with LFE to obtain the volumetric flow. 
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For a LFE, the flow is calculated by equation 4-4: 
Q = B coeff X ~p + C coeff X ~p 2 4-4 
Where ~p is the measured differential pressure (inH20 @ 4 °C) 
8-Coefficient and C-Coefficient are provided with the LFE calibration curve. For the 
particular LFE model 50MH I 0-2 used in this experiment, the calibration curve provided 
yields the following values for 8-Coefficient and C-Coefficient [70]: 
8=5.48833 
C=-3. 7459X I o·2 
iv. Actual volumetric flow rate 
The temperature data from the T-MAP sensor can be used to correct the air flow rate at 
the flowing temperature to give actual volumetric flow rate (ACFM). The value obtained 
from the Smart Flow Gauge must be multiply to the ratio: 
(Viscosity of flowing gas at 21.1 o C in micropoise) 
(Viscosity of flowing gas at flowing temperature in micropoise) 
In addition, humidity correction factor for viscosity must be applied to the case of flowing 
with wet air. Equation 4-5 shows the calculation of viscosity of the flowing wet air: 
= . =(14.58x(r)% Jx(Jlwer) 
Jlj flwet-alr 11 04 T 
+ Jidry 
4-5 
Where, Tis Temperature (Kelvin). 
v. Standard volumetric flow rate 
The standard volumetric flow rate (SCFM) is the flow rate that has been normalized to 
the standard temperature and pressure4 . It is given by equation 4-6: 
4 Standards temperature and pressure also known as standard condition is defined as the pressure at sea 




= ACFM X ( STD X f ) 
Tf PSTD 
4-6 
Finally, the mass flow rate of the flowing air can be calculated by equation 4-7: 
Mass Flow Rate = SCFM x Density @ Standard Condition 4-7 
The 211 OF Smart Flow Gauge transmits voltage 1-SV corresponding to the flow rate 
values calculated. This data is acquired by the NI DAQ at I O,OOOHz. 
vi. Speed-density method 
The results from the air flow measurement experiment are used to check and calibrate the 
TMAP (Temperature-Manifold Absolute Pressure) sensor. The air flow data will be used 
to determine the fuel quantity and thus, the injection duration. 
Further, the TMAP sensor will be used in replace of air flow sensor when the LG-FPE is 
integrated in the vehicle. The speed-density method [13] can be implemented as follow; 
The volumetric air flow rate for the LG-FPE at any cycle per minute (cpm) can be 




-XV X nv 60 d ., 
dV 
4-8 
where dt is volumetric air flow rate ( m3/s), N is engine speed (cycle per minute) 
vd is the engine displacement (m\ '7 v is volumetric efficiency. 
The volumetric efficiency equivalent parameter is the delivery ratio [ 18], "-c!r. which IS 
defined by equation 4-9: 
4-9 
where M; is mass of delivered air and Pais ambient air density. 
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The TMAP sensor measures the temperature and pressure of the air intake. Since density 
of air depends on temperature and pressure, based on ideal gas law the air density can be 
calculated. Equation 4-10 shows the basic Ideal Gas equation of state: 
P=pRT 4-10 
where P is Pressure (kPa), Pa is ambient air density (kg/ m\ R is the ratio division of 
Ru 
M , where Ru is a constant which equals to 8.314 kJ/kmi.K , M is molar mass and Tis 
temperature (Kelvin). 
Then, the air intake density at intake temperature and pressure, T; and Pi respectively can 
be determined in equation 4-11: 
4-11 
where Po is air density at Standard Condition which is equal to 1.2250 kg/m3, Po and To is 
the standard pressure and temperature which are equals to 101.325 kPa and 288.15 Kelvin 
respectively. 
Combining equation 4-10 and equation 4-11 : 
where 
dma 
dt is the air mass flow rate (kg/s). 
4-12 
The air mass flow rate must be converted into air mass per cycle to match the engine 




where A is air mass per cycle (kg per cycle). 
4-13 
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4.4 Combustion experiments 
The combustion experiments are the major part of this research. It requires extensive 
preparation involving the hardware and software. During the experiments, the hardware 
encountered several failures which constantly disrupted the progress of this research. 
Among the failures encountered were: 
1. The failure of the SCXI 1124 card for PXI I 052E due to ignition transformer 
testing. 
2. The damaged of DAQ card PXI 6052E for the PXI I 052E due to ignition 
transformer testing. 
3. Several burned fuses due to high current. 
4. Several burned relays due to high current. 
5. The damaged of the power supply for the sensors due to ignition transformer 
testing. 
6. Several burned MOSFETs due to back EMF generated during switching and high 
speed combustion. 
The most critical item is item no. 2, since it is the card which is used for the data 
acquisition and control of the prototype. The repair took two months, during which the 
development of the software was carried out and several testing was simulated while 
waiting for the return of the repaired card. The most common problems were item 3, 4 
and 6. Item no. 6 requires thorough troubleshooting of the inverter-driver of the linear 
generator which sometimes took several days. 
The ignition transformer was used for the continuous spark experiments to eliminate the 
effect of start of ignition and to observe the free-piston engine behavior under different 
start of fuel positions. However, the testing was abandon after it was discovered that the 
high voltage generated by the ignition transformer had travelled through the grounding of 
some of the sensors back to the PXI unit. This ground loop phenomenon may have 
contributed to some of the subsequent failures even when using the smart coils for the 
ignition. The proofofthis voltage 'leak' was seen when the combustion testing was done 
and the home sensor had reset the displacement reading to zero when translator reach the 
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position where the start of ignition was set. Further discussion of this phenomenon and 
effects will be presented in Chapter 5. 
The aim of the combustion experiments are: 
I. To experimentally investigate, determine and employ the fuelling requirement 
obtained from the preliminary experiments for the LG FPE starting. 
2. To empirically investigate, determine and analyze the effect of varying start of 
fuel (SOF), start of ignition (SOl) and of fuel per cycle during starting. 
3. To empirically analyze the combustion process through post-processing of the 
pressure data obtained by studying the combustion duration, rate of heat release 
and mass fraction burned and investigate the optimum SOF and SOl setting during 
starting. 
Initially, the combustion experiments were done with CNG as the fuel. Eventually, the 
experiments continued using hydrogen. The modification for this was done while waiting 
for the repair of the PXI 6052E card. 
4.4.1 Pressure and displacement 
The in-cylinder pressure is measured by using Kistler 6061 B piezo-electric pressure 
sensors. It is a water-cooled pressure sensor especially suited for small combustion 
engines and for thermodynamic investigations in the laboratory. The pressure transducer 
contains a quartz crystal which generates electrical charge proportional to the applied 
pressure. The electrical charge is then converted by using high impedance charge 
amplifier. This sensor require no power supply, however the charge amplifier requires 
15VDC power supply. The sensor's response is very fast, suitable for dynamic pressure 
measurement. 
The pressure measured by the pressure transducer is known as gauge pressure. Gauge 
pressure is the pressure measured with respect to atmospheric pressure [71]. Therefore, 
the reading obtained from this sensor must be added to the atmospheric pressure obtained 
from the TMAP sensor for the correct absolute pressure reading. This relationship can be 







Figure 4-9: The pressure measurements modes [71]. 
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The pressure sensor location in the cylinder head is shown in Figure 4-10. The pressure 
sensors are mounted on both cylinder heads which will give accurate relation between 
both cylinders' pressure with each other. The pressure reading is obtained in Bar. 
/ 
Figure 4-10: The cylinder head design showing fuel's direct injector, spark plug and 
pressure sensor arrangement. 
The LG-FPE reqUJres special measurement method for the translator position 
determination. The importance of translator position or the displacement is similar to the 
crank angle position measurement in crank-slider engine. The linear position 
measurement requires 3 main components as shown in Figure 4-11, namely: 
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1. Baumer magnetic sensor for the linear position input, 
2. Baumer magnetic strip for the consistent magnetic signal for accurate 
displacement reading. 
3. Honeywell Hall-effect sensor for origin reference, zero position for the middle 
geometrical position of the translator assembly. 
Figure 4-11: The linear displacement components. 
The magnetic sensor and Hall-effect sensor components are mounted on the specially 
designed encoder bushing while the magnetic strip is embedded in the translator shaft. 
The displacement reading's resolution is 0.125mm and is acquired at 10kHz with each 
displacement reading is obtained every 0.1 ms and the reading obtained is in mm. Both 
the displacement and pressures reading are acquired and logged for the post processing 
analyses to calculate the volume change for cylinder 1 and cylinder 2. 
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4.4.2 Translator velocity 
The translator velocity is among the important parameter for the LG-FPE analyses. The 
velocity is calculated based on the displacement reading using moving average method. 
The first displacement reading is subtracted from the 50th reading and divided by 5ms, 
resulting in the translator velocity in ms· 1• The negative values will indicate that the 
translator is moving to the left or towards cylinder 2 and positive indicate the motion 
towards right or cylinder I. 
d. -d 49 v. = I l+ 
1 
50 X (sampling 4-14 
Where v; is velocity at ilh point, d; is displacement at the ilh point and !sampling is equal to 
1/.fsampling ,where/sampling is the sampling rate of the data acquired in Hz. 
4.4.3 Rate of heat release 
Experimental data acquired by sensors from the engine setup will be analyzed to obtain 
mass fraction burned, the rate of chemical energy or heat release. The in-cylinder 
pressure and volume are among the measured parameters of the engine. The derivatives 
of pressure, volume and net heat release may be found with respect to time or crank angle 
interval [67). Therefore, for free-piston engine analysis, the derivatives with respect to 
time will be used since it doesn't have crank angle. These data are used to analyze the 
combustion process efficiency and engine performance. 
For this analysis, the Rassweiler and Withrow method will be used. This method is based 
on polytropic relationship between pressure and volume as in equation 4-15: 
4-15 
where Pi is the in-cylinder pressure at ith point, and Vis the cylinder volume at ith point 
and n is polytropic index. 
The value of the polytropic exponent, n, which comprises of nc, for compression and ne, 
for expansion, can evaluated from the analysis of the experimental pressure trace. 
During combustion, the pressure rise ~p consists of two parts: 
c) Pressure rise due to combustion (.1pc)· 
d) Pressure change due to volume change (.1pv). 
This relationship is related to the in-cylinder pressure difference as in equation 4-16: 
4-16 
While L.lpv can be expressed in terms of polytropic relationship as in equation 4-17: 
4-17 
On the other hand, L.1p for the in-cylinder pressure data for the successive data can be 
calculated as in equation 4-18: 
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Substituting equation 4-1 7 and equation 4-18 into equation 4-16 and expressing in terms 
of L.lpc , therefore: 
4-19 
From the Rassweiler and Withrow model, the net heat release can be calculated from 
equation 4-20 (67]: 
~Q - vi+l ~ (i) 
net-(y-l) Pc 4-20 
where .1Qnet is net heat release and yis specific heats ratio. 
Finally, Since the difference between ith data and (i+ I )th data is constant and equal to the 
sampling time, therefore the rate of heat release (ROHR) can easily be determined by the 
following equation 4-21: 
ROHR ~Qnel 4-21 
f sampling 
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The ROHR profile can be used to distinguish the different burning properties of fuels and 
to distinguish differences in engine combustion behavior [67), it is also a useful tool for 
the evaluation of combustion noise and NOx emissions, while the Cumulative Heat 
Release is utilized for the determination of the principal combustion characteristics, as the 
combustion efficiency [72]. 
4.4.4 Mass fraction burned 
The energy conversion during a combustion cycle can be described by the Mass Fraction 
Burned (MFB) at a specific crank angle degree (CAD) [68]. In addition, it is a quantity 
used for describing the advancement of combustion process [69]. 
Assuming the pressure rise l'lp c is proportional to the heat added to the in-cylinder 
medium during the time interval, the MFB at the end of the considered i-th interval can be 
calculated from equation 4-22 : 
4-22 
where i=O indicate the start of combustion and i=N is the end of combustion. 
4.4.5 Combustion start, combustion end and combustion duration 
In a crank-slider engine, an analysis of the cylinder pressure -crank angle data of an 
internal combustion engine can provide information on the starting and ending of the 
combustion process. 
For a SI engine, there are two primary stages of the combustion process progress, ignition 
lag and the effective combustion duration. The ignition lag and ignition delay are defined 
differently since it involves spark ignition and compression ignition engines respectively. 
The ignition lag is the time between the discharges of spark and ended after I to 5% of 
total mass burned [73). The effect of ignition lag will be ignored for the combustion 
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duration estimation m this research smce it comprised very small amount of time 
compared to the total combustion duration period. There are two factors affecting the 
combustion duration namely, cylinder geometry and size which decide the effective flame 
propagation distance and the effective flame propagation speed. 
The start and end of combustion can be obtained from the analysis of the cylinder 
pressure vs. crank angle data. Various methods of determining the start and end of 
combustion in internal combustion engines have been proposed in literature over the 
years [74]. 
For simplicity, the combustion start is assumed to be at the point of ignition while the 
combustion end can be determined from the rate of heat release. In Figure 4-12, the start 
of combustion is when the heat release value is first become positive and the combustion 











Figure 4-12: The combustion start (CB) point and combustion end (CE) point based on 
heat release curve [75]. 
It is well known that these parameters have a significant influence on the thermal 
efficiency and peak cylinder pressure of an engine. 
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4.5 Conclusion 
In this chapter, the prototype and experimental setup had been introduced and described 
in details. The experimental methodology for this research had been outlined and 
explained. The following chapter will be dedicated for the experimental data results and 
discussions. The post-processed experimental data which provides the insight into the 
combustion process of the linear generator free-piston engine during starting and idling 
will be discussed in details. 
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CHAPTERS 
RESULT AND DISCUSSION 
In the prev10us chapter, the prototype and experimental setup was introduced and 
described in detail. The methodology of the experimental study for this research was 
explained. This chapter will be dedicated for the experimental data result and discussion. 
The post-processed of the experimental data which provides insight into the combustion 
process of the linear generator free-piston engine during starting and idling will be 
discussed in detail. 
5.1 Motoring with 3 and 5 batteries 
In the motoring experiments, the prototype was ran at different battery voltage levels 
while the in-cylinder pressures, current level and translator speed data will be referred to 
as the baseline before commencing the combustion experiments. 
A few benchmarking experiments were conducted to obtain pressure and displacement 
profile of the free-piston engine during no combustion. The graphs will be referred for the 
compression pressure and speed during motoring and to monitor current reduction of the 
battery bank as the experiments continued. The current reduction will reduce the 
motoring force, thus affecting the experimental result. The benchmarking current vs. 
time for 3 and 5 batteries is shown in Figure 5-1. 
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Figure 5-1: Current vs. time for 3 and 5 battery motoring. 
There are 2 sets of data; the first set is with the motoring voltage of 36 Volts (3-Battery 
supply), while the second is with 60 Volts motoring voltage (5-battery supply). The 
results showed that in order to obtain higher motoring force, higher battery quantity is 
needed. Higher battery voltage resulting in high current generated during motoring which 
result in high motoring force. The type and capacity of the batteries used are the GP 
Atlas maintenance-free battery, 12V 45AH. 
5.1.1 Compression-expansion displacement profile 
Figure 5-2 shows displacement profile with respect to time for 3 and 5 battery motoring. 
The profile were used to calculate engine frequency which will define the linear generator 
free piston engine operational characteristic. Typically, the resulting engine frequencies 
during motoring are 4.5Hz and 6.8Hz for 3-battery and 5-battery respectively. The 
engine frequency will affect the compression pressure build up. Higher engine frequency 
will result in higher compression pressure while lower compression pressure is observed 
for lower engine frequency. 
e 
E 
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Figure 5-2: Displacement profile vs. time for 3 and 5 battery motoring. 
5.1.2 Compression-expansion pressure profile 
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Figure 5-3 shows the pressure vs. displacement for each cylinder with different battery 
quantities, i.e. 3 and 5 batteries. It was found that for 3-battery motoring, the maximum 
pressure in cylinder 1 and 2 are approximately 4bar and 3.5bar respectively. Whereas, for 
5-battery configuration, the maximum pressure in cylinder 1 and 2 are approximately 
6bar and 5.5bar respectively. The pressure in cylinder 2 is less than that in cylinder 1 due 
to the leakage area on the bushing of cylinder 2. This leakage had resulted in less 
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Figure 5-3: The compression-expansion pressure profile for cylinder I and cylinder 2 at 
two different motoring voltages. 
The first stroke pressure profile shows obvious pressure drop for the in-cylinder pressure 
2. The motoring of the prototype is achieved by initializing the piston position to -30mm 
from the origin5, then the inverter started to inject current into the coils of the stator 
producing motoring force to move the translator towards cylinder I. The inverter will 
switch the directions of the current injection to produce the linear motion required. The 
pressure drop inside the cylinder may be attributed to the ideal gas relationship, the 
increase in volume, resulting in pressure drop while the mass of gas is constant. The 
different voltage level results in slightly different pressure drop, the 5-battery motoring 
shows higher pressure drop than 3-battery motoring. 
The compression pressure profile for the 5-battery is higher than the 3-battery motoring 
for both cylinders, which obviously deviates from each other at the origin (at S.Smm after 
the trapped volume started). The 5-battery motoring had rendered higher compression 
pressure due to higher motoring speed and translator velocity. It was identified that the 
leakage through the piston rings had resulted in this condition [8]. The high translator 
velocity resulted in lower air leakage around the piston rings, thus higher air mass is 
5 The actual position varies since the translator was initialized by driving the translator towards cylinder 2 at 
low speed in one direction. Due to magnetic cogging position, the translator sometimes overshoot the 
preset position, some recorded data showed -32.75mm as the actual stop position. 
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present m the cylinder at the end of the compressiOn stroke resulting in higher 
compresston pressure. However, there is slight drop in the compression pressure in 
cylinder 2 which differs by as much as 0.5bar from cylinder I due to the leakage area on 
the bushing of cylinder 2. Not only this is resulted in cylinder's mass losses, but its 
relation with speed (up to a certain point) results in some speed-dependency in the 
compression-expansion process so that effectiveness of the process is dependent on piston 
or translator speed. Thus, if the motoring force is not high enough, the speed will be too 
low that the air-spring becomes ineffective and the starting strategy is affected. 
Finally, it is clear from the compression-expansion profile, there is no energy added to the 
system since the compression path is above the expansion path. 
5.1.3 Compression-expansion translator velocity profile 
The translator velocity is negative when the translator is moving towards cylinder 2 and 
positive when it is moving towards cylinder I. Thus, from Figure 5-4, the negative values 
of the velocity occur when the translator is moving towards cylinder 2, which is during 
cylinder I expansion stroke and cylinder 2 compression stroke. On the other hand, the 
positive values of the velocity occur when the translator is moving towards cylinder I 
during compression stroke of cylinder I and cylinder 2 expansion stroke. The profile 
shows faster expansion stroke than compression stroke which can be attributed to the 
reduced translator's acceleration due to the increment in compression force. In addition, 
when the battery quantity is increased from 3-battery to 5-battery motoring, the translator 
velocity is increased by 0.5m/s which resulted in overall vertical expansion of the velocity 
profile. It was predicted that further increase in battery quantity will eventually result in 
horizontal expansion of the translator velocity profile [8]. 
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Figure 5-4: Translator velocity profile vs. displacement (translator position) 
5.1.4 Effect of stroke variation 
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The stroke of linear generator free-piston engine can be varied according to the motoring 
limit during starting. In addition, stroke variation of the LG-FPE is expected since it is 
the characteristic of the engine which is different from a crank-slider engine. This 
variation will result in compression ratio variation as shown in Table 5-l, which can 
affect the combustion performance. The aim is to reach the maximum stroke of 69mm 
which occur at motoring limit of ±34.5mm. However with existing setup, this maximum 
stroke cannot be achieved [8]. Therefore, the prototype was studied at 60mm stroke 
which will give a compression ratio of 7.1: I, with engine speed ranging from 300-
400cpm (based on the battery quantities) for the starting purpose. 
Table 5-l: The motoring limit and corresponding compression ratio. 
Motoring Limit (mm) ±34.5 ±31.0 ±30.0 ±29.0 ±28.0 ±27.0 
Compression Ratio 13.89 8.00 7.09 6.34 5.72 5.20 
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In this section, several experiments have been conducted to study the engine speed, 
translator velocity and in-cylinder pressure which are essential to the starting operation of 
the LG-FPE. 
i. Engine speed 
Figure 5-5 shows that at longer stroke, the engine speed is slower. Engine speed is 
affected by the motoring limit which will define the stroke of the LG-FPE. At shorter 
stroke, the average engine speed (cycle per minute) is higher than longer stroke. The 
experimental result showed the highest engine speed of being 330cpm at 54mm stroke 
while the lowest speed was at 62mm stroke with engine speed of 270cpm. In addition, 
stroke variation was observed for lower motoring limit. The translator positions rarely 
ended at ±27mm which are the motoring limits, some cycle even reached ±30mm. This is 
due to the energy provided by the 3-battery, which was enough to accelerate the translator 
beyond the motoring limits. 
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Figure 5-5: Displacement vs. time profile for various motoring limit. 
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ii. Translator velocity 
The translator velocity shown in Figure 5-6, provides information on the kinetic energy of 
the translator. The negative translator velocity shows an expansion stroke of cylinder I 
(motion towards cylinder 2) whereas positive velocity shows expansion of cylinder 2 
(motion towards cylinder I). 
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Figure 5-6: Translator velocity vs. displacement profile for various motoring limit. 
The translator velocity is the slowest when motored at ±31 mm especially when the 
trapped volume starts at +5.5mm during compressiOn towards cylinder 2 and -5.5mm 
during compression towards cylinder I. On the other hand, for ±30mm and ±27mm 
motoring limits, the translator velocity is almost the same except at the beginning where 
faster expansion was observed for ±30mm motoring limits both for expansion stroke of 
cylinder I and 2. 
At 31 mm motoring limit, the translator velocity is the slowest, which is undesirable since 
it will increase the peak current beyond the safety limit which will damage the MOSFETs 
of the inverter-driver. 
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iii. In-cylinder pressure 
Figure 5-7 shows in-cylinder profile for cylinder 1. The high engine speed at ±27mm 
motoring limit has resulted in the same result in in-cylinder pressure build up with 
±30mm at the end of the stroke. The deviation of the pressure profile from the ±30mm 
profile showed the importance of the engine speed to reduce pressure leakage. The worst 
pressure leakage was observed in the pressure profile of the ±31 mm motoring limit. 
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Figure 5-7: In-cylinder pressure l vs. displacement for various motoring limit. 
5.2 Injectors gain experiments 
The injector gain constant (Rr) value is unique for each injectors. It is important to ensure 
that the injected fuel quantity can be controlled and monitored for the correct air-fuel 
ratio. The values are entered into the LabVIEW program used for the experiments. The 
injector gain is determined for each fuel type, in this case CNG and hydrogen. The 
injector gain determination itself requires dedicated experimental procedures which will 
be explained later on. 
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5.2.1 CNG 
Initially, the prototype was run using CNG as the fuel. Thus, the direct injectors were 
calibrated. The experiments were conducted by simulating cranking speed of 400cpm 
and varying the pulse width duration of each injector. At the same time, the CNG flow 















Injector Gain vs. Injection Duration for Injector 1 and 2 for CNG 
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Figure 5-8: Injector gains vs. injection duration of injector I and 2 for CNG. 
The injector gain constant profiles with respect to injection duration are shown in Figure 
5-8. The injector gain for injector 2 is lower than injector 1 which means at the same fuel 
required per cycle injector 2 needs to inject longer than injector 1. The discrepancies are 
due to the manufacturing factor, i.e. the nozzle finishing and spring reaction. Based on 
the injector gain profile, an average injector gain for each injector is calculated. The 
injector gain constants are summarized in Table 5-2. 
Table 5-2: The injector gain constants of injector I and 2 for CNG. 
Injector 1 Injector 2 
Simulated Engine Speed (cpm): 400 400 
CNG Temperature (°C): 33.9 33.8 
CNG Pressure (bar): 19.0 19.0 
Average Injector Gain (mg/ms): 3.94 3.41 
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5.2.2 Hydrogen 
The injector gain profiles for each injector tested with hydrogen are shown in Figure 5-9. 
The injectors were tested at higher injection duration since at lower injection duration the 
mass flow meter was unable to read the mass flow as it was below the minimum limit of 
the coriolis mass flow range. The result shows higher injector gain constant for injector 2 
than injector I. The value is different than the result for CNG since injector I used in the 
CNG injector gain experiment was different from the injector I in the hydrogen 
experiment. The former was damaged (seal leakage) and replaced with a spare. It was 
found that each injector must be calibrated and the injector gain must be determined 
before being installed in the engine since the result showed discrepancies between 












Injector Gain vs. Injection Duration for Injector 1 and 2 for Hydrogen 
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Figure 5-9: Injector gains vs. injection duration of injector l and 2 for hydrogen. 
The injector gain constants are summarized in Table 5-3. The result shows that, for the 
same injection duration, injector 2 will inject more fuel than injector I. However, in the 
LabVIEW program for the injector control, only the fuel-per-cycle (FPC) will be the 
varying parameter while the injector gain values, determined from these experiments, 
were taken as constant throughout the experiments. Therefore, the injector duration for 
each injector will be different, i.e. for the same amount of FPC, the injection duration of 
injector 2 will be shorter than injector I. 
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Table 5-3: The injector gain constants of injector I and 2 for hydrogen. 
Injector I Injector 2 
Simulated Engine Speed (cpm): 400 400 
H2 Temperature (0 C}: 30.7 32.3 
H2 Pressure (bar): 19.0 19.0 
Average Injector Gain (mg/ms): 1.62 1.69 
As a conclusion, it was found that for different fuel, the injector gam values were 
different. For CNG, the injector gain values were higher than the hydrogen's. The reason 
for this is simply due to the higher fuel mass of the CNG (molar mass=l6) compared to 
hydrogen (molar mass=2). Thus, at the same pressure and temperature, the mass flow 
rate of the CNG will be higher than hydrogen since the injector is just a flow controller 
with fixed dimensions and opening. 
5.3 Intake air flow rate measurements 
The air flow rate was measured by using LFE setup as explained in Chapter 4. The air 
flow rate was measured at different configurations to eliminate uncertainty and errors that 
may affect the experimental result. The data acquired was filtered to obtain noise-free 
values which can be used to provide the intake airflow profile into each cylinder. 
The data filtering scheme was verified by using an airflow measurement setup from a 
blower. The airflow reading from the blower before and after the filtering were equal, 
thus it verified the filtering scheme. The experimental results on the filtering can be 
viewed in Appendix A. 
The final intake airflow result are shown in Figure 5-l 0. Data was acquired for I 0 
seconds at an acquisition rate of I OkHz for each experiments. 
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Figure 5-l 0: Intake airflow (volumetric) rate for cylinder I and 2 from the LFE setup. 
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From these curves, a median of airflow rate was determined for each flow rate. The 
median values were used to calculate the air required per cycle in volumetric flow rate. 
The air temperature and pressure were used to calculate the intake air density which is 
then used to calculate the air mass flow rate. Base on the engine speed, the air required 
per cycle was calculated. Finally, the delivery ratio of each cylinder was calculated. The 
summary of the calculated parameters for hydrogen and CNG are concluded in Table 5-4. 
Table 5-4: The calculated parameters based on intake air for CNG and hydrogen. 
CNG@ 300cpm Hydrogen @ 300cpm 
cylinder cylinder cylinder cylinder 
1 2 1 2 
Measured volumetric flow rate 
(cfm) 0.9576 0.8670 0.9576 0.8670 
Volume of air per cycle 
(cc/cycle) 90.3874 81.8357 90.3874 81.8357 
Mass of air per cycle (mg/cycle) 106.6571 96.5661 106.6571 96.5661 
Stoich Fuel per cycle in mg 
(mg/cycle) 6.2 5.6 3.1 2.8 
Delivery Ratio (based on 
trapped volume) 0.44 0.40 0.44 0.40 
From the tables, the stoichiometric mass of CNG fuel needed at 300cpm for cylinder I 
and 2 are 6.2mg per cycle and 5.6 mg per cycle respectively. Whereas, for hydrogen only 
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3.1 mg per cycle and 2.8 mg per cycle were needed for stoichiometric air-fuel ratio since 
the air-fuel ratio is higher for hydrogen. 
5.4 Motoring with combustion 
Motoring with different battery quantities have been presented in section 5.1. The 
starting of LG FPE was achieved through motoring with combustion. Initially, CNG was 
used as the prototype's fuel. However, due to difficulty in combusting the fuel at low 
compression ratio, hydrogen was used instead. The experimental results during motoring 
with combustion consist of several different schemes for combustion process 
characterizations, namely: 
I. Start of ignition (SOl) variations; from advance to retard. 
2. Start of fuel (SOF) variations; from advance to retard. 
3. Equivalence ratio variations; from lean to rich. 
4. Combustion of hydrogen and CNG: comparison under lean operation (equivalence 
ratio below 1.0). 
The SOl was set to be in at the maximum motoring limit which are 30mm for cylinder I 
and -30mm for cylinder 2 and advanced until the optimum values were determined. 
While for the SOF, it was set to be in the range from where all ports are fully closed 
which are at -5.5mm for cylinder I and S.Smm for cylinder 2. 
5.4.1 Effect of varying SOl 
The start of ignition (SOl) point for LG-FPE cannot be based on the method for crank 
slider engine which based on the maximum brake torque (MBT) point. This is because 
there is no measurable torque output from the engine and the unconstrained nature of LG-
FPE motion. Therefore, a different scheme much be devised in determining the optimum 
SOl. This can be achieved by understanding the importance of a correct ignition point in 
terms of in-cylinder pressure profile, peak pressure, cyclic variability and translator 
velocity. Therefore, these are the criteria which were used to determine the optimum SOl 
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point in the experiments. In addition, the experiments are used to study the effect of SOl 
to the overall combustion process. 
In the following experiments, the SOl points were varies from motoring limit position 
(±30mm), e.g. at ±30mm, ±29.5mm, ±29mm, ±28.5mm, and ±28mm. When a good SOl 
point are discovered, the SOl position is further refined around that position in the 
increment of 0.125mm. Even at this smallest increment, the significant of this value is 
very critical as the equivalent of crank angle degree is around 4°. The initial judgment of 
a good SOl point was based merely on the pressure vs. time profile from the online 
Lab View program chart shown in Figure 5-11. There were an extensive amount of 
experiments carried out but only several which are significant will be discussed in this 
section. 
Figure 5-11: Online chart in Lab VIEW program for Pressure vs. Time of cylinder 1 and 2 
monitoring during motoring with combustion testing. 
The SOl variations effect towards the combustion process of the LG-FPE was studied by 
starting the LG-FPE using a lean air-fuel ratio setting. The optimum SOl setting was 
determined by using a stoichiometric air-fuel ratio setting. 
Figure 5-12 shows the displacement profile for various SOl settings of cylinder 1. At 
29.5mm SOl, the displacement profile for the expansion stroke is the fastest. It can be 
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observed for the advance SOl setting of 28mm, the expansion stroke is slowed down by 
the reversed motoring force since the early ignition had resulted in high cylinder pressure 
opposing the piston's motion thus reversing its direction before it reached the motoring 

















Displacement vs. Time for various SOl 
(Cylinder 1) 








Figure 5-12: Displacement vs. Time profile of cylinder 1 during combustion at different 
setting of SOl positions. 
An important aspect of a correct SOl setting will be the cylinder pressure at the point of 
ignition; since it will amplify the combustion pressure due to the cylinder's charge will be 
denser at higher cylinder pressure. Thus it is desirable for the SOl to be at the last point 
possible during starting of the LG-FPE since knocking is not a problem in LG-FPE due to 
its unconstrained nature and force balance behavior. 
Figure 5-13 shows the pressure rise profile at different SOl setting depicting the different 
cylinder pressure at the point of ignition. Although for the 29mm SOl setting the peak 
pressure did not develop higher than expected (due to high pressure during ignition), but 
the straight line profile of the expansion pressure indicates constant energy release due to 
the combustion as opposed to bell shaped depicted by the SOI=28mm pressure curve. 
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Pressure rise vs. Time for Various SOl 
(Cylinder 1) 
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Figure S-13: Pressure rise vs. Time of cylinder I during combustion at different setting of 
SOl positions. 
On the other hand, the optimum SOl point for cylinder 2 was found to be at -30mm. The 
displacement profile for the combustion process different SOI setting is shown in Figure 

















Displacement vs. nme for various SOl during starting at motoring 
limit ±30mm (Cylinder 2) 
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Figure S-14: Displacement vs. Time profile of cylinder 2 during combustion at different 
setting of SOl positions. 
The SOl point cannot be set at the position just after expansion stroke since it was found 
that the combustion will not occur or the pressure due to combustion is not noticeable due 
to high speed during expansion stroke. The translator velocity during expansion of 
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cylinder I is over -1.5mm/ms while during expansion of cylinder 2 is almost 1.5mm/ms. 
The pressure rise rate calculated from Figure 5-15 is around 1.5 bar/ms during the main 
combustion period. At this rate, the incremental volume will further reduces the cylinder 




~ 8 ~ ~ i 
N 7 e 
~ 
.. 




5 .. i .., 
·= >. 4 j 0 
~ 3 
' 0 






Pressure rise vs. Time for Various SOl 
Cylinder 2 
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Figure 5-15: Pressure rise vs. Time of cylinder 2 during combustion at different setting of 
SOl positions. 
In conclusion, it was found that the optimum SOl setting for cylinder 2 is at -30mm 
position since it give the maximum rate of pressure rise which will result in less time at 
turning position, maximize the kinetic energy gain and reduce heat transfer losses. On the 
other hand, the optimum SOl setting for cylinder I is at +29.5mm position. It was found 
that for both cylinders: 
I. The ignition point must be at the point of the maximum compression pressure 
developed to obtained highest pressure rise rate. 
2. The correct SOl position will ensure the cylinder pressure rise will have enough 
time to fully develop thus resulting in peak pressure at the maximum compression 
point. 
The challenge is to obtain maximum pressure as fast as possible before the net force 
started to reverse the translator direction of motion. 
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Figure 5-16 shows the effect of advance ignition set point or SOl during motoring with 
combustion. From this figure, the SOF is at 25mm and SOl was set at 29 mm. After 
combustion, the pressure starts increasing from point A until point 8, the translator was 
reversing without reaching the motoring limit, the motion continued until point C. 
During this time, the motoring force still acting towards TDC of cylinder 1 which is the 
preset condition in the programming. The net force however is directed towards cylinder 
1 due to the combustion force generated by cylinder 2. 
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Figure 5-16: The effect of advance ignition. 
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However, when the in-cylinder pressure reduced below 4 bar, the motoring force became 
dominant again since the combustion energy has now exhausted, thus continue pushing 
the piston towards TDC of cylinder I. When passing SOF point, the fuel was injected 
and the combustion occurred again at point D, most probably due to the hot gases in the 
cylinder. However, the pressure increase was not enough to reverse the translator 
direction and the combustion was not sustained. The piston continued to move until the 
motoring limit at pointE was reached where it finally stop. This condition is undesirable 
and will result in unreliable operation of the LG-FPE. Thus, one of the solutions is to 
retard the ignition point enough so that the translator had reached the motoring limit 
before the pressure built up high enough to reverse the translator direction. This SOl 
points are to be determined by SOl scan experiments and analyses of the experimental 
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data which will be presented during the combustion process analysis. The optimum SOl 
point is known to be depended on the fuel type, equivalence ratio and start of fuel 
injection. 
The difference in optimum SOl setting for cylinder I and 2 can be explained by referring 
Figure 5-17 and Figure 5-18. From these figures, it can be deduced that the in-cylinder 
pressure will determine the actual stop position of the translator even though the same 
motoring limit was set, i.e. at ±30mm. However, since the translator was forced to stop, 
thus its inertia will try to remain its motion. Unless the in-cylinder pressure is high 
enough, the final position of the translator will be slightly over the motoring limit. 
Longer time at final position just before switching motoring direction is observed for 
cylinder I since the piston 'wait' for the motoring force to build-up until it is able to 
overcome the cylinder pressure, for cylinder 2 less time spent at this point due to less 
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Figure 5-17: Higher in-cylinder pressure affects the final position of cylinder 1, only 
0.25mm over motoring limit. 
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Displacement and Pressure 2 vs Time for motoring with 5-Battery 























Figure 5-18: Lower in-cylinder pressure affects the final position of cylinder 2, 0. 75mm 
over the motoring limit. 
Further experimental results on the effect of varying SOl can be viewed in Appendix B. 
5.4.2 Effect of varying SOF 
Start of fuel (SOF) effects on the combustion process was studied by starting the LG-FPE 
at each SOF point. It was set to be in the ranges of which all ports had fully closed which 
are at -5.5mm for cylinder I and 5.5mm for cylinder 2. 
The absolute pressure of cylinder I profile for different SOF is shown in Figure 5-19. An 
optimum SOF point is at 25mm since at this point the peak pressure is the highest and the 
pressure profile is the best. 
Pressure 1 vs. Displacement_ Varies SOF, motoring limit=±30mm 
I SOF=25mm I 
I SOFm24mm 
· I SOF .. 23mm 
Figure 5-19: Pressure I vs. Displacement for combustion at various SOF points. 
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The similar effect is shown in Figure 5-20 for cylinder 2 where the optimum SOF point is 
















Pressure 2 vs. Displacement_ Varies SOF, motoring limit=±30mm 
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Figure 5-20: Pressure 2 vs. Displacement for combustion at various SOF points. 
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For both cylinders, the peak pressures and pressure profile deteriorate when the fuel 
injected earlier than ±25mm. However, later than ±25mm, there is no combustion at all 
for both cylinders. The early injection is unable to produce enough combustible mixture 
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near the spark plug because of too early injection at low cylinder pressure (5 bar for 
cylinder I and 4.5 bar for cylinder 2). 
Although the cyclic variability cannot be eliminated, at this setting the engme ran at 
sustainable operation without misfire. Thus, this setting is concluded as the optimum 
setting for the SOF at fix SOl and FPC. Further experimental results on the effect of 
varying SOF can be viewed in Appendix B. 
The final setting of the SOF was found to be optimum at 25mm from origin for both 
cylinders. This setting will be confirmed for various FPC requirements during starting 
mode in the next section. 
5.4.3 Effect of varying equivalence ratio 
The fueling requirement of LG FPE during starting was set at stoichiometric based on the 
air per cycle measured in section 5.3. Then, the fuel-air equivalence ratios were varied to 
investigate the LG-FPE starting behavior under different equivalence ratio. 
At the optimum setting of SOl and SOF obtained from the previous sections, the fuel per 
cycle is varies for each cylinder while maintaining the SOl and SOF settings. This 
method will ensure the effect of equivalence ratio towards the combustion process 
performance can be deduced. 
The cylinder pressure rise rate profile for cylinder I at vanous equivalence ratios IS 
shown in Figure 5-21. At rich mixtures of<p=l.6 and 3.2, the peak pressure and pressure 
rise rate are almost the same. Slower pressure rise rate is observed for <p=0.6 but the 
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Figure 5-21: Pressure I vs. time for combustion at various fuels per cycle. 
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On the other hand, result for cylinder 2 shown in Figure 5-22 depicted the highest peak 
pressure and pressure rate at q>=l.8. While comparable result are obtained for q>=0.7 and 
3.6. 
Absolute In-Cylinder Pressure of Hydrogen combustion at various 





















~ 2 +-------l-------+------~------4-------1-------l-------1~~ 
0 0.002 0.004 0.006 0.009 0.01 0.012 0.014 
Time from SOl (sec) 
Figure 5-22: Pressure 2 vs. time for combustion at various fuels per cycle. 
In conclusion, richer mixture will give the highest peak pressure and fastest pressure rise 
rate although there are two values of equivalence ratio namely, q>=0.6 for cylinder I and 
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<p=0.7 for cylinder 2 which give comparable values of peak pressure and pressure rise 
rate. The combustion process analyses in section 5.5 will provide details explanation on 
this observation. 
5.4.4 CNG vs. Hydrogen combustion 
The CNG and hydrogen combustions were tested at the same equivalence ratio of 0.7 and 
same motoring limit of ±30mm. For both combustions, the SOF and SOl timings were at 
each respective optimum setting obtained from the preliminary experiments. 
Figure 5-23 shows the pressure rise rate of cylinder 2, showing comparison between CNG 
and hydrogen. The data was extracted from a cycle of a starting experiment. The start of 
the cycle is at 30mm and ended at 30mm, a complete 2-stroke cycle. The pressure profile 
for hydrogen shows a typical rapid pressure increment due to fast burning characteristic 
of hydrogen. The total duration for a complete cycle took 139.3ms for hydrogen and 
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Figure 5-23: Pressure rise vs. Time comparison between hydrogen and CNG combustion. 
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Slower burning rate of CNG result in better pressure incremental, from ignition to 
combustion and during power stroke until exhaust port opens as can be observed m 
Figure 5-24. 
-35 
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same equivalence ratio=0.7. 
r===:::=;:;=====;-102 - I 
-PZ_Hydrogen 
-P2_CNG 
-30 ·25 ·20 
Long•r combustion dur:;~tlon thus 
hlgharell!pomslon pressu1e can be 






Figure 5-24: Pressure vs. Displacement comparison between hydrogen and CNG at 
respective optimum SOF and SOl timings. 
The incremental pressure is translated into better translator velocity during compression 
stroke of cylinder 1 (positive velocity) shown in 5-25. 
Translator Velocity vs. Position,Hydrogen vs. CNG Combustion 
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Figure 5-25: Translator velocity resulting from combustion for hydrogen and CNG 
(motion starts from cylinder I motoring limit + 30mm towards cylinder 2 then return to 
cylinder 1 ). 
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However, in terms of overall speed gain during the total cyclic motion of the engme 
during starting shows better result when using hydrogen than when using CNG. The 
result shown in Figure 5-26, where most of the time the translator speed is over I m/s 
when starting using hydrogen while it is mostly less that I m/s when starting using CNG. 
Pressure and Speed vs. Time for Hydrogen combustion 
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Figure 5-26: Translator speed variation as a result of pressure I and 2: companson 
between hydrogen (a) and CNG (b) combustion. 
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Finally, the translator velocity had been shown to be dependent on the motoring force 
(based on battery quantity). On the other hand, during combustion, the energy of the 
expanded gases had been transferred to the translator which resulted in the translator's 
velocity increase, thus increasing the kinetic energy translator. This kinetic energy is 
essential to the power generation of the LG FPE during operation with load. 
CNG combustion showed better expansion pressure profile than hydrogen combustion. 
However, due to its high cyclic variability, misfire and low peak pressure, the translator 
speed was badly affected. Hydrogen, on the other hand, showed lower cyclic variability, 
never misfire and higher peak pressure which resulted in higher kinetic energy obtained 
after each combustion event. Thus the translator speed is averagely higher for each cycle. 
In order to successfully start the engine, the translator speed must be high enough to break 
away from the threshold free-wheeling speed provided by the motoring force. Hydrogen 
then, is the best fuel for this purpose. 
5.4.5 Repeatability 
The repeatability of the experiments was confirmed by the following ways: 
1. The ambient effects. 
Room temperature during the combustion experiments was ensure to be around 
26~30°C to eliminate effect of ambient temperature. The combustion experiments 
were done in the morning every day. 
The humidity of the intake air was monitored; it's around 60%-70% during the 
experiments. The ambient pressure, temperature and humidity cannot be controlled 
for this test bed. However, these data are taken during each experiment to ensure any 
peculiarity of the experimental result can be justified. Any abnormal data will be 
repeated during the next experiments. 
The barometric pressure was monitored by usmg T-MAP sensor readings. The 
experimental in-cylinder pressure values were corrected using these readings. 
2. The experimental setup 
Engine temperature is monitored to be around 30~35°C. The engme was cooler 
initially, thus a warming-up procedure was started by motoring the engine. After each 
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starting experiments, the engine was left to cool down until within this temperature 
range. 
The battery voltage and current level of the battery bank were monitored to ensure the 
motoring force did not vary and the batteries were charged regularly. The current was 
logged during each experiment; the current vs. time plotted will show if the batteries 
need to be recharged or not. 
The repeatability of the experimental result was confirmed by repeating each data 
acquisition up to 5 times each time a variable was changed. Then, the same experiments 
will be repeated the following days once to reconfirm the repeatability of the 
experimental result. 
5.5 Combustion process analyses 
In section 5.4, only the pressure and displacement data were used to characterize the 
combustion behavior during each of motoring with combustion scheme. In this section, 
the details analyses of these schemes will be judged by analyzing the rate of heat release 
(ROHR) patterns, mass fraction burned (MFB), ignition lag and combustion duration. 
These will complete the overall combustion process analyses in order to conclude the 
experimental result for this research. 
The derivatives of pressure, volume and net heat release may be found with respect to 
time or crank angle interval [67]. Thus, for free-piston engine analysis, the derivatives 
with respect to time were used since it did not have crank angle. 
The rate of heat release (ROHR) profile can be used to distinguish the different burning 
properties of fuels and to distinguish differences in engine combustion behavior [67]. For 
this analysis, the Rassweiler and Withrow method explained in Chapter 4 is used. 
Mass fraction burned (MFB) can be defined as the mass fraction of fuel which has been 
burned to date starting from the start of combustion, which equal to 0 and at the end of 
combustion the MFB value is I. MFB described the energy conversion during a 
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combustion process [68]. In addition, it is a quantity used for describing the advancement 
of combustion process [69]. The MFB values were calculated based on the method 
described in Chapter 4 based on the pressure and displacement data. 
The ignition Jag is the time between the discharges of spark and ended after I to 5% of 
total mass burned [73] while the combustion duration can be defined in two ways: 
I. The combustion is started from the start of ignition and the combustion ended at 
the value of heat release is first becomes zero or negative [68, 74, 75]. 
2. Based on the MFB values, i.e. from 5% until 90% [76]. 
In these experiments, the second method was selected as the combustion duration 
calculation method based on the MFB values. 
5.5.1 CNG versus hydrogen combustion 
In section 5.4.4 the pressure and displacement data obtained from combustion of CNG 
and hydrogen experiments was presented. In this section, further details analysis will be 
presented to provide understanding towards the combustion process of both fuels during 
starting. 
i. Rate of heat release 
The superiority of hydrogen as the LG-FPE fuel can be observed in Figure 5-27, where 
faster and higher value of ROHR for hydrogen than for CNG is obtained. Higher and 
faster ROHR resulted in fast pressure increase in the cylinder while minimizing the heat 
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Figure 5-27: ROHR comparison between hydrogen and CNG combustion. 
ii.Mass fraction burned 
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The mass fraction burned (MFB) profile indicates the faster and complete burning process 
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Figure 5-28: MFB comparison between hydrogen and CNG combustion. 
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iii. Ignition lag an combustion duration 
Finally, the ignition lag when starting with hydrogen is just 2.1 ms compare to 6.1 ms for 
CNG while the combustion duration (from 5% to 90% of MFB) is 3ms for hydrogen and 
6.lms for CNG. 
This result shows that hydrogen is better than CNG for LG-FPE application since it 
provides low ignition lag and faster combustion duration which are desirable for free-
piston engine combustion. 
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Figure 5-29: Combustion duration and ignition lag comparison between CNG and 
hydrogen during starting. 
5.5.2 Equivalence ratio 
In this section the details combustion process analyses on the effect of the vanous 
equivalence ratios for the LG-FPE starting will be presented. 
i. Rate of heat release 
The rate of heat release (ROHR) for cylinder 1 at different equivalence ratio is shown in 
Figure 5-30. At q>=1.6 the ROHR is over 30 kJ/sec which is the highest followed by 











Rate of Heat Release (ROHR) Hydrogen at various equivalence 
ratio (5-baHery motoring) Cylinder 1 
-ROHR1_Eq. Ratio•3.2 
- ROHR1_Eq. Ratio=0.6 




Figure 5-30: Rate of heat release of different equivalence ratio during starting for 
cylinder 1. 
Interestingly, ROHR of cylinder 2 at different equivalence ratios shown in Figure 5-31 
had depicted value higher than 35kJ/sec at q>=1.8 and q>=3.6. At q>=0.7, the maximum 
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Figure 5-31: Rate of heat release of different equivalence ratio during starting for cylinder 
2. 
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In conclusion, rich mixture at q>=l.6 and q>=l.8 for cylinder 1 and cylinder 2 respectively 
had resulted in the best ROHR for both cylinders. However, cylinder 2 had shown better 
ROHR than cylinder 1. This may be due to lower compression pressure in cylinder 2 
which resulted in a better fuel stratification during the fuel injection period. 
ii. Mass fraction burned 
The mass fraction burned (MFB) ratio profile of cylinder 1 for various equivalence ratios 
are shown in Figure 5-32. At q>=0.6 the MFB rate is the slowest. This shows that at high 
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Figure 5-32: Mass fraction burned ratio at various equivalence ratios for cylinder 1. 
Whereas, for cylinder 2 (Figure 5-33), the MFB rate is fastest for q>= 1.8. Rich mixtures at 
q>=3.6 and lean mixtures at q>=0.7 showed slower MFB rate. These similar MFB rate 
curves were obtained due to lower compression pressure for cylinder 2 during 
combustion. The pressure rate profiles for these equivalence ratios were found similar as 
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Figure 5-33: Mass fraction burned ratio at various equivalence ratios for cylinder 2. 
108 
However, this does not indicate that any of these equivalence ratios will give the best 
MFB pattern for both cylinders since the difference among these MFB curves are only by 
mere millisecond. Thus it can be concluded that during starting, equivalence ratio 
variations does not affect the combustion efficiency of the LG-FPE, therefore it is 
acceptable to use lean mixture during starting since it will be advantages in terms of 
emissions. The use of hydrogen can be attributed to the improved lean and rich mixtures 
during starting. However the ranges of the equivalence ratio studied in this research are 
from 0.6 to 3.6. 
iii. Ignition lag and combustion duration 
The ignition lag profile for various equivalence ratios of the LG-FPE during starting are 
shown in Figure 5-34. The ignition lag for cylinder 2 shows almost similar values for 
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Figure 5-34: Ignition lags for cylinder I and 2 at various equivalence ratios. 
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These profiles are similar to the profile of gasoline combustion shown in Figure 5-35 for 
equivalence ratio ranges from 0.6 to 2. However, for the LG-FPE case, since hydrogen is 
used as the fuel, the lean limit is not yet reached at <p=0.3. 
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Figure 5-35: Effect of mixture strength on ignition lag [77]. 
The lean operational limits for hydrogen at vanous compressiOn ratios are shown in 
Figure 5-36. The compression ratio of LG-FPE during starting at ±30mm motoring limit 
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Figure 5-36: The variations of lean operational limits for gaseous fuels at different 
compression ratios of crank-slider engine running at 900rpm [39]. 
Combustion duration variations at various equivalence ratios are shown in Figure 5-37. 
The combustion durations for both cylinders are at the lowest values between q>= 1.5 to 
q>=2.0. Outside these ranges (lower than q>=I.5 and more than q>=2.0), the combustion 
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Figure 5-37: Combustion duration variations at various equivalence ratios for cylinder 
and 2. 
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These profiles are identical with the profile obtained from crank-slider hydrogen SI 
engine shown in Figure 5-38. 
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Figure 5-38: Combustion duration variations at various equivalence ratios for crank-slider 
hydrogen SI engine for two spark timings at a compression ratio of 8.5: I and 900 rpm 
[39]. 
5.5.3 Start of fuel injection 
In this section the details combustion process analyses on the effect of the various start of 
fuel (SOF) injection setting for the LG-FPE starting will be presented. 
i. Rate of heat release 
The determination of optimum SOF position for cylinder 1 and 2 is based on the ROHR 
profile shown in Figure 5-39 and Figure 5-40. The best ROHR is at 25mm for cylinder I 
and -25mm for cylinder 2. 
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Figure 5-39: ROHR at various SOF positions for cylinder I. 
For both cylinders, earlier injections will result in lower ROHR values and at longer 















Rate of Heat Release (ROHR) for various SOF of cylinder 2 
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Figure 5-40: ROHR at various SOF positions for cylinder 2. 
ii. Mass fraction burned 
The MFB profiles for various SOF of cylinder I are shown in Figure 5-41. The worst 
MFB rate occurred when the fuel was injected at 20mm. MFB rate is increasingly better 
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when the SOF is retarded further until 25mm which resulted m the best MFB profile. 
















Mass Fraction Burned (MFB) ratio for various SOF of cylinder 1 
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Figure 5-41: Mass fraction burned ratio at various SOF positions for cylinder 1. 
For cylinder 2, the MFB profile (Figure 5-42) show similar patterns. At -20mm, the MFB 
rate is the worst while retarding the SOF had resulted in better MFB rate. Although the 
MFB profile between SOF at -24mm and -25mm were indistinguishable. SOF at -25mm 
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Figure 5-42: Mass fraction burned ratio at various SOF positions for cylinder 2. 
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In overall, during starting of LG-FPE, the MFB improved when fuel is injected later 
towards the end of the engme stroke. For both cylinders, the combustion efficiency 
(judged from the MFB profile [78]) ts the best at SOF=25mm and SOF=-25mm for 
cylinder I and 2 respectively. 
m. Ignition lag and combustion duration 
The final evaluation criteria for the SOF effect on the combustion process are in terms of 
ignition lag and combustion duration as depicted in Figure 5-43. For both cylinders, the 
ignition lag and combustion duration decrease with retarded SOF position. It was found 
that, combustion duration and ignition lag for cylinder 2 is higher than of cylinder I. This 
is due to the compression pressure in cylinder I is higher than of cylinder 2 at the 
beginning of the combustion. High compression pressure reduces combustion duration 
since it is easier for the flame to propagate when the in-cylinder pressure is higher. 
















Ignition Lag and Combustion Duration for various SOF 
position for both cylinders. 
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Figure 5-43: Effect of SOF towards ignition lag and combustion duration for both 
cylinders. 
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5.5.4 Start of ignition 
In this section the details combustion process analyses on the effect of the various start of 
ignition (SOI) points for the LG-FPE starting will be presented. 
i. Rate of heat release 
The best rate of heat release (ROHR) pattern is obtained when the start of ignition (SOl) 
is set at 29.5mm for cylinder 1. At this point, as shown in Figure 5-44, the ROHR is at 
maximum value of 23kJ/sec as compared to other advance positions. Beyond this 
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Figure 5-44: ROHR at various SOI positions for cylinder I. 
0.012 
In addition, at this optimum SOl, the higher ROHR value and its faster completion enable 
the pressure rise to achieve its maximum value fast before the piston reverses its direction 
at the motoring limit which will otherwise result in lower peak pressure. This desirable 
condition can be viewed when pressure rise rate and ROHR are plotted together as shown 
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Figure 5-45: Pressure rise rate and ROHR for cylinder I at optimum SOl point. 
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The undesirable ROHR and pressure profile is shown in Figure 5-46 where lower ROHR 
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Pressure rise and Rate of Heat Release vs. Time for 
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Figure 5-46: The undesirable pressure rise rate and ROHR profile for cylinder 1 at a non-
optimum SOl point. 
On the other, the optimum SOl position for cylinder 2 was found at -30mm. The ROHR 
profiles for various SOl positions are shown in Figure 5-47. The ROHR at the optimum 
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Figure 5-47: ROHR at various SOl positions for cylinder 2. 
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Figure 5-48: Pressure rise rate and ROHR for cylinder 2 at optimum SOl point. 
In summary, the optimum SOl points for both cylinders occurred at the position just 
before the pistons reach their respective equilibrium point, i.e. when the net forces is zero 
and the motoring direction is about to be reversed. 
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ii. Mass fraction burned 
The MFB profile for the effect of SOl positions are shown in Figure 5-49 and Figure 5-50 
for cylinder I and cylinder 2 respectively. However, both figures do not provide 
conclusive evidence on the effect of SOl positions towards the combustion of LG-FPE 
during starting except in terms of ignition lag and combustion duration which will be 
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Figure 5-50: Mass fraction burned ratio at various SOl positions for cylinder 2. 
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iii. Ignition lag and combustion duration 
The ignition lags and combustion durations for cylinder I and 2 at various SOl positions 
are shown in Figure 5-51. Although the ignition lag and combustion duration are fairly 
low for cylinder I at advance SOl, but at this point the piston always reverses before 
reach the motoring limit. As a result, the peak pressure is low and cyclic variation is 
high. Therefore, it is decided that the optimum point is at 29.5mm. 
On the other hand, the ignition lag and combustion duration for cylinder 2 showed 
decreasing trend with retarding SOl positions. Thus, the optimum position is found at -
30mm. 
The different trend observed for both cylinders can be attributed to the different 
compression pressure obtained in the cylinders. Cylinder I achieved higher compression 
pressure than cylinder 2 thus resulting in better combustion which in turns reduced the 
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CONCLUSION AND FUTURE WORK 
The experimental data analyses was presented and discussed in the previous chapter. The 
data showed several interesting findings for the linear generator free-piston engine (LG-
FPE) combustion process. The optimum settings for start of fuel injection and start of 
ignition had been identified. In this chapter, all these findings will be concluded and 
several recommendations for future works will be included. 
6.1 Conclusion 
The combustion process of the LG-FPE had been studied experimentally for the starting 
mode. The optimum fuel injection and ignition timing had been identified. There are 
several conclusions with regards to the combustion parameters setting of the LG-FPE for 
starting, as well as the hydrogen direct injection spark ignition system tested on the 
prototype will be presented as follow: 
I. The optimum settings for the SOF were found to be at linear position of +25mm 
for cylinder I and -25mm for cylinder 2. Beyond this point, the engine starts to 
misfire and stop. Whereas before this point it resulted in lower peak pressure, 
slower and lower rate of heat release while the ignition lag and combustion 
duration is longer. 
2. The optimum settings for the SOl at motoring limit of ±30mm were found to be at 
position +29.5 mm for cylinder I and -30mm for cylinder 2 regardless of lean and 
rich condition for the equivalence ratios from 0.6 to 3.6 
3. The ignition lag and combustion duration for both cylinders are decreased when 
the SOF point was moved further towards the ignition point, up to the optimum 
position of 25mm for lean starting. 
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4. The combustion pressures never exceed 12-13 bar at the operating compression 
ratio of 7 .I: I and motoring speed of 400cpm. ln order to obtain further increase 
in combustion pressure, the compression pressure must first be increase by: 
a) The motoring speed must be increased further to reduce piston nng 
leakage thus reducing mass losses to achieve higher compression pressure 
at the end of the stroke. 
b) Increase stroke to increase the compression ratio. 
5. Hydrogen had been proven to be the desirable fuel for LG-FPE due to its high 
flame speed (shown in the faster rate of heat release) and low ignition lag and 
combustion duration. The LG-FPE operation requires high expansion speed to 
avoid loss of energy of the expanding gases due to heat transfer to the wall and 
leakage through piston rings. 
6.2 Main Contribution 
The main contribution of this thesis is that the optimum settings for the SOl at motoring 
limit of ±30mm were found to be at position +29.5 mm for cylinder 1 and -30mm for 
cylinder 2 regardless of lean and rich condition for the equivalence ratios from 0.6 to 3.6. 
The SOl must be before the peak pressure of compression (i.e. before the piston reverse 
direction). The timing must provide sufficient time for the flame to develop so that the 
piston will be in opposing motion (compression mode) in time for the heat release rate to 
reach its maximum. 
6.3 Future work 
The compression pressures of both cylinders must be made equal. Therefore, the first 
step is to improve the leakage area on cylinder 2 in order to achieve equal compression 
pressure as obtained in cylinder I. 
The next step towards further development of the linear generator free-piston engme 
prototype is to upgrade the inverter-driver capability to achieve full stroke motoring and 
therefore achieving idling mode operation with engine speed of at least 600cpm. With 
full stroke motoring capability, the prototype will achieve compression ratio of at least 
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14:1, which will be essential for high performance power generation. Whereas, the high 
speed idling operation will ensure less air leakage thus resulting in higher compression 
pressure. As a result, a higher combustion pressure is produced. In addition, higher 
compression pressure will improve the air spring characteristic of the dual opposed 
combustion chambers, which can be utilized for misfire protection and function as 
rebound devices during idling mode. 
Next is to employ a close-loop control of the LG-FPE combustion by programmmg 
online combustion parameters evaluation such as pressure vs. volume, IMEP, rate of heat 
release or translator velocity. By integrating these parameters into the existing program, a 
new control method can be devised to ensure that the cyclic variation of the engine is 
minimized. The cyclic variation reduction can be done by varying the start of ignition to 
achieve the most stable engine performance. 
Finally, when a stable engine operation during idling is achieved, the power generation 
mode can be implemented. In order to implement this mode, the inverter-driver must be 
able to switch between generation and motoring in an instant. In addition, the fuelling 
requirements, fuel injection and ignition timing must be mapped and can be varied 
automatically according to the electrical load. With existing program, these maps can be 
easily integrated. These maps must be obtained during idling with initial electrical 
loading to be drained by using a load banlc During this mode, the aim is to maintain the 
engine speed regardless of the electrical power load. The applications of the LG FPE as 
an on-board charger for series hybrid vehicles and portable generators make it possible 
for it to be run at several optimum speeds during various power generation modes. 
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APPENDIX A 
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Experimental results for advanced start of ignition (SOl) 
and start of fuel (SOF). 
Experimental results for optimum SOF and SOl. 
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Pressure vs. Displacement for combustion at fix SOl, SOF 
=22mm, 5-battery motoring. 
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Pressure 1 and 2 vs. Volume 5-Batt 
(SOF=22mm) 
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Figure B-5: Pressure vs. Volume profiles for combustion at advanced SOF (±22mm). 
-40 
Pressure vs. Displacement for combustion at fix SOl, SOF 
=23mm, 5-battery motoring. 




Figure B-6: Pressure I and 2 vs. Displacement for combustion advanced SOF (±23mm). 
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Pressure vs. volume for combustion at fix SOl, SOF =23mm, 
5-battery motoring. 
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Pressure vs. Displacement for combustion at fix SOl, SOF 
=24mm, 5-battery motoring. 
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Figure B-8: Pressure I and 2 vs. Displacement for advanced SOF (±24mm). 
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Pressure vs. Displacement for combustion at fix SOl, SOF 
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Pressure vs. volume for combustion at fix SOl, SOF =25mm, 
5-battery motoring. 
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Figure B-11: Pressure vs. Volume for combustion at optimum SOF (±25mm) at fix 
optimum SOL 
